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The Army is studying methods of protecting sensitive
electronic equipment against electromagnetic pulse
(EMP) and radiofrequency interference (RFl) events.
Part of this work focuses on metal arc-spray techniques
as a potentially low-cost alternative to traditional
EMP/RFI protection. Arc-sprayed metal coatings have
been used for several years in different applications;
however, little is known about the physical and electrical
properties of these coatings. A better understanding of
these properties would allow spraying parameters to be
optimized, ensuring the most effective coating at the
lowest cost.

in this study, aluminum, aluminum bronze, copper, low-
carbon steel, 13 percent chrome steel, nickel, nickel
chrome, tin, and zinc were sprayed onto paper and
aluminum foil substrates using the two-wire arc-spray
process to determine the physical and electrical charac-
teristics of these materials when sprayed on ordinary
rooms composed of common construction materials.
Zinc was found to be the most economical material and
produced the least amount of substrate degradation.
Quantities observed include: deposition efficiency; size
of conductive area formed; size of opaque area formed;
thickness required for opacity; and radius of curvature of
a free-standing coating at fracture.

Simple models were used to calculate: (1) the minimum
radius of curvature to which a free-standing coating of
given thickness could be bent without causing fracture;
(2) the maximum possible droplet temperatures from
power input considerations; and (3) the maximum stabie
droplet size at the source based on spraying pressure
and surface tension. Several of th2 coatings were also
assessed using scanning elactron microscopy (SEM).
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ARC-SPRAYED COATINGS FOR ELECTROMAGNETIC PULSE PROTECTION:
ASSESSMENT OF PHYSICAL AND ELECTRICAL PROQPYRTIES

I INTRODUCTION

Background

Electromagnetic shiclding of structures is achicved by surrounding the volume to be shiclded with
a mechanically and clectrically continuous conductive material.  The U.S. Armmy Construction
Engincering Rescarch Laboratory (USACERL) has conducted long-term  rescarch into military
applications of clectromagnetic shiclding, which include:' (1) protection of scnsitive clectronic
cquipment from extemal interference; (2) prevention of compromising emanations from cquipment
processing classified information; and (3) shiclding sensitive and strategic clectronics from the effects
of electromagnetic pulse (EMP).  Electrical conductivity of the shiclding matenal is the single most
impertant parameter affecting the shielding effectivencss of a structure; regions of low clectrical
conductivity or discontinuity such as joints, cracks, and scams contribute to reduccd shiclding
performance.

Typical shiclded structures have been constructed by bolting or welding metal sheets, pancls, and
modules. Bolted structures tend to provide a lower degree of shielding than all-welded structures. The
lcakiness of bolted structures arises from the mechanical joints where oxides inhibit ¢lectrical continuity
of the joint. Electrical discontinuities at the joints of bolted structures arc aggravated by surface and
shape imperfections in the joint materials and the buildup of corrosion prcducts with time duc to
normal atmospheric corrosion of the materials. Bolted construction also can be expensive and provides
only limited flexibility ror retrofitting existing structures with EMP shiclding. Welded structures tend
to provide a high degree of EMP shielding because metallurgical joining of the metal sheets at the joint
cnsures complete mechanical and eiectrical continuity. Welded structures for EMP protection are
material consumers because the sheet thickness required for good weldability is in excess of that re-
quired to provide adcquate EMP shielding. Welded construction tends to be cxpensive but provides
more flexibility in retrofitting existing structures for shiclding than do bolted structures.

Plastic is most ofien used to manufacture housings for electronic equipment due to its Jow material
and fabrication costs rclative to metals.  Howcver, plastics and many other common low-cost
construction materials lack the inherent EMP shielding propertics of mectals. Metal-arc spraying has
become an accepted technique for imparting shiclding propertics to plastic housings at a low cost;
spraying room-size structures of standard or low-cost construction materials to impart shielding is a
iogical cxtension of this successful technology.?

The arc-spray process in simplest form consists of bringing together a pair of consumable wire
clectrodes 1o form an arc and then propelling the resulting molten metal from the wires onto a substrate
using a stream of compressed gas or some other mechanism.  Although the arc-spray operator has a
degree of control over some of the spraying parameters (e.g., wirc feed rate, arc voltage, wire
composition), there is a much larger number of dependent and independent variables, all of which

'P. Niclson, Electromagnetic Shielding of Full-Sized Structures by Metal Arc Spraying, Technical Report
M-332/ADA132883 (U.S. Army Construction Engincering Rescarch Laboratory [USACERL], August
1983).

‘P. Niclsen.
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interact to affect the properties of the deposit. At present, little 1s known about the eficet of these
vartables on coating quality.

For EMP shiclding of constrction maternials, it is important to know how deposttion parameters
attect the electrical and physical properties of the coating as well as the interface between the coating
and the substrate. For practical shiclding apphications, it is desirable 1o form a maximal conductive
arca with an accepiable deposition efficieney. By understending how these parameters influence e
coating deposited, spraving conditions can be opumized 0 produce the best shielding at the lowest
refative cost

Objective

The objectives of this work were o assesy e phivstcad andg eledtiica! properties of didicreni are-
sprayved coanngs (© opusitse spraving paramters for application mosbietding mditary struciuies agaias
EMVP and related phepomend. The speciie ebicctives of this stuay were 100 o1y determine which of
the avalanic metel wires are generally suvetde dor spraving onto orcanic oonsiruction malerials
2 detennine hoey seme of the controlfable spravim: sarameters inieruct with properties of the doposit;
and 3y observe e effects of some of the contolaible apraving naramaters on the straciure of e
doo sared matenal using scanning Cieclron micoy-ceny (SN

s pproach
Al tests were conducted in-house at LSACERLL The <tudy procecded as toilows:

I Zinc was sprayed, using a large number o variations in spraying parameters, onto graph paper
substrates supported with masonite 10 determine the eflects of the spraying parameters on deposit
properiics.  This information was assessed 10 determine which trends in the spraying parameters
produced an optimal deposit with minimal substrate degradation.

2. The information on trends in spraying parameters for deposit optimization was extended to the
other test materials when spraying them onto graph paper substrates for deposit evaluation.

3 Several of the materials were sprayed onto aluninum foil concurrently with spraying onto
craph paper for SEM observation,

N ~

<. Several materials were sprayed onto brick and gualitatively cvaluated for performance.

S Zine was sprayed onto a serics ol Jow -cost construction materials and qualitatively evaluated.

Scope

This study determined only some of the nteractions between controtlable arc-spraying paramieters
and the nawure of the deposit for coatings sprayed onwo paper substrates with no relative motion
between the spray gun and the substrate. Metals sprayed were limited to aluminum, aluminum bronze,
copper, low-carbon steel, nickel, nickel-chromium, 13 percent chromium steel, tin, and zinc. Use of
controlled relative motion between the source and substrate, if it had been available, would have
obscured some of the results that were obiained without it.

10




Mode of Technology Transfer

Ave spray in shiclding applications was demonstrated successlully as part of the FY88 Facilities
Technology Application Test (FTAT) program (which has now become the Facilitics Engincering
Applications Program [FEAP]). Two rooms targeted for TEMPEST protection were arc-sprayed with
sinc at Fort Devens. MA (a technical report s in preparation.)  From the demonstration, it is
anticipated that the U.S. Amy Corps of Engincers (USACE; will adopt this shiclding approach for
some applications.  Information gathered in this study will be used in preparing appropriate guidance
tor implementing arc-spray technology in the ficld; it will ultimately be incorporated into Technical
Manual 3-835-5. Electromagnetic Pulse Protection, which s being revised.  Further, this information
will serve as a knowledge base for an ongoing study into relative motion between spray source ond
suhstrate,




) EXPERIMENTAL PROCEDURE

Technology Overview

Thermally spraved coatings have been used for many vears in applications such as corrosion and
wodr pravention; however, only in the past few years has significant interest grown in applying
themaaliy spraved coatings o radiofrequency interfererce (RFD/electromagnetic interfrrence (EMD
<hiclding.  Thermal spraving in general consists of heating the material to be deposited to a suitable
temperaiure and then projecting 1t onto the substrate. Deposition over large substrate arcas is achieved
by relative motion of the spray sourcs and the substrate using 4 process simitar 10 spray-painting.

Fhe arc-spray process uses a pair ol wires both as ciectrodes to supnly heat and as source material
o be projected onto the substrate by a stream of compressed gas or other mechanism. i simplest
LOrmL arc-spraying constsis of brnging pwo electrodes (waresy together o stiike anare and Flasting the
Jtowith ahighovolocts gas stream 1o propel droplets of malier metal off the wires as they are melted.
Imoertant deposition panwncters include:  spraying pressure {gas sueam velocity;, wire feed pressure
v teed rated, are voltage, are current, spraving tme, sprayine distance, substrate surface rovghness.
Aianee from eonter of spray pattern, subsiriate myaterial, traverse speed, interiraverse distance, spraving
v o6 asition, ambient gas composition, hums Tty evell dess point, elastic constants of wire, iriction
. wrroowith handiing assembly, spraying gas iemperai. substrede temperiture, substrate surface
Jearnness, and substrate thhickness.

One of the gouls of tis study was 1o determne the offect of such parameters on the deposit’s
nropertics. Coating characteristics of interest were:  size of conductive arca formed, size of opaque
arca formed; thickniess of coating required for opacity: state of residual stress in the coating; deposition

cfticiency; and relative size of the conductive and opaque areas.

Experimenta
Appardatus

The arc-sprayer unit uscd to deposit the coatings tested in this work is a TAFA modcl 375 hand-
held are sprayer gun with a TAFA model 30.8A power supply.  The power supply is rated at 28 V.
200 amps, {or 100 percent duty cycle. The maximum open circuit voltage is 39 V. A 0.i8%-cm-
qumeter electrode/wire source material is supplicd from spools mounted on the power supply. The
wires are dniven by a clamping gear-uvpe device linked (o an air motor in the sprayer gun. The
spraver urit was modified to allow the user to spray cither comnressed air or an externally supplied
gas us propellant.

No suitable device was available for producting controlled, reproducible relative motion between
the spraver and the substrates. so it was decided that coatings would be sprayed at a fixed point on
the substrates. Spraying at a fixed point allows obscrvation of the variations in coating structure and
deposition rate with distance from the spray cenier which would not be as visible if relative motion
between the source and substrate were used.

As noted in Chapter 1, several of the arc-sprayed coatings were examined by SEM.  The
cagaipment used in those evaluabens was an Amray model 1610 scanning clectron microscope.




Materials

Materials sprayed as coatings for this study included: zine, aluminum bronze, low-carbon stecl,
13 pereent chrome steel, nickel, aluminum, tin, copper, and a nickel-chromium alloy. These metals
were in the form ol 0.159-cm-diameter wires supplicd on spools by the manufacturer of the sprayer
umt.  Zine wire was spraved first and most extensively to develop trends since it is relatively
iexpensive and casy (o obtain.

Substrates

Graph paper and aluminum foil were chosen as the primary substrate maicrials.  The substrates
were held in place during spraying by using binder clips to mount them 10 a masonite backing sheet.
Graph paper was chosen as g substrate material for several reasons:

. The ultimate goul of the process optimization study for which this work was done is (0
deposit, by oan automated process, continuous conductive films onto the walls of ordinary rooms 1o
provide EMI/RFT shiclding.  This means that the process must not cause charring or excessive thermal
degradation of painted or paper-covered plasterboard and other surfaces.  With paper substrates, it is
pusatble 10 direct!ty observe the thermal ctfects by looking at the back side of the paper.

2. Graph paper has grid marks that provide a convenient locational reference for some of the
micasurements that were made on the coatings.

2 Graph paper is nonconductive so as to provide minimal interference when making clectrical
measurements of the coating.

<. Graph papcr is translucent, which allows coating pinhole porosity o be obscrved.
5. Unused graph paper has a consistendy cican surface that requires no preparation.
Aluminum foil was chosen as a substrate material for the following reasons:

1. Aluminum is electrically conductive so as to provide an clectrically continuous coating/substrate
couple to minimize charging cffecis during SEM observation.

2. Foil has a consistently clean surface that requires no preparation.

3. Aluminum has a higher melting point than zing; thus, melting of the aluminum foil would give
some idication of the depositing material’s tcmperaturc.

4 rauminum foil is ductile enough to provide a record of particle impact without requiring the
particlie 10 stick.

Substrat. - rayed with zine tor adhesion testing included:  masonite, plasterboard, fiberglass
pancline e . and ceiling ule.
Deposition Parw v

Along list ol possible deposition and coating property variables was compiled (sce the Appendix).
Those considered relevant to this study are described under Spraving Conditions below.




Sprayving Conditions

Although the number of possible variables during spraying is very large as noted above, many are
not independent and only a few are in the range of practica! operator control. The variables determined
1o have a noticeable effect on the nature of the deposit in this work included:  wire feed pressure.
spray pressure, are voltage, spray distance, spraying time, spraying gas composition, wir¢ composition,
substrate composition, substrate surface preparation, substrate geometry, temperature, and droplet size
on impact with the substrate.  Typical values of spray distance were 15, 30, 46, 61, 76, and 91 cm.
Individual sets of conditions for the various materials sprayed were given labels such as ASxxxx
where AS indicates "spraycd with air" and xxxx is a character code related to a specific set of
conditions.  These {abels were assigned o facilitate data maniputation,

Measured Propertics

Deposited Mass, The mass deposited on tie surlace was deternmined by subtracting the mass of
an uncoated substrate from that of a coaied substrale.

Deposit Efficiency. The deposit etticiency was calealated by dividing the deposited mass by the
m.x- of material spraved. The mass of material spraved was determrined in most cases by spraying
o e lengthe of wire and then subiracting (e mnass ot the material remaining in the gun aber
(wires can be fed only up t¢ the wire drivers) i that of the original length of wire.

Gt

Radius of Conductiv:tv. The term "radius o conductivity” was developed 1o describe a
charactenstic dimension of the conductive arca formed by the spraved coating. The conductive area
was mapped with an ohmimeter by probing for a center-to-edge resistance of 1 ohm and then plotting
thae point en another piece of graph paper (the coatings were sprayed on graph paper of the same size
to ~impiity the Tocation of coordinatsy. From the map of the boundary points, the coordinates ol the
four most extreme poinis 0 the x and y direciens were averaged to give a center point. From the
center point, the distance to cach of the extreme points was calculated and averaged to give the "radius
of conducuvity.” One ohm was chosen as a couvenient reference value for three reasons:

1. The contact resistance and measuremetit noise for the ohmmeler probes was on the order of
cne-tentt of an ohm for most of the coatings.

2. Bevond the T-ohm ragius, the resistance of the coatings rises rapidly 1o infinity, often over
distances of just o fow miliimeters.

A Within the i-ohm radius, the resistance of the coating drops rapidly into the minimum
measurement range of 0.1-ohm contact resistance--again, often over distances of just a tew millimeters.

It should be noted that these values are only representative of the stationary conditions used in
making these coanungs: the use of relative motion between the substrate and the sprayer and/or a
nonnormal incidence will greatly affect these values.

Radius of Opacity. The radius of opacity™ was termed 1o describe the characteristic dimension
ol te region that appears tree of porosity 1o the unaided eye. The boundaries of the region were
determired by placing the coatingysubstrate (graph paper) composite onto a light box and locating the
poinis closest o the spray center through which light passed. The spray pattern is usually not round.
The maxomum x and y widths were thus added and divided b 4 1o give the average “radius of
opaciiny® which allowed meanmgful compansons with the radius of conductivity.

Opacity_Thickness.  The term “opacity thickness™ was developed 1o describe the characteristic
couting thickness @t the point ol transition from an optically porous coating 10 an optically dense

4
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codiing ot a distance of onc radius of opacity from the spray center. The opacity thickness was taken
as the average of the four thicknesses measurcd with a paint thickness tester at the points used to
determine the radius of opacity.

Bend Testing. Bend testing was conducted to determine the radius of curvature necessary to cause
fracture of a free-standing coating of given thickness. The coatings of known thickness were wrapped
around mandrels of various diamcters and the diamcter of the mandrel that caused fracture was noted.
The mandrel set used was model MG 1412 manufactured by Gardner Laboratory, Inc.  Mandrel
diameters were: 0.3175, 0.4763, 0.6350, 0.7938, 0.9525, 1.1113, 1.2700, 1.9050, and 2.54 cm. A
simple model was developed 1o predict the minimum radius of bending that a free-standing coating
could withstand without ruptunng. The model makes three assumptions: (1) the coating is of uniform
thickness, (2) the mid-thickness of the coating experiences zero strain, and (3) the coating rupturcs
when the outside radius is such that the strain is equal to or greater than a critical value "¢.” From
the assumpiions and geometry, an cquation for the critical bending radius, r, in terms of the coating
thickness, t, was derived:

r = t(1-c)2¢ {Eq 1]

Wire Feed Rate. Wire feed rate was measured to determine the effects of wire feed pressure, wire
composition, and bending ol the wire feed tubes on this rate. Mcasurements were made by shutling
off the arc voltage, rotating the feed tips slightly so that tie wires would not intersect, setting the spray
pressure at 0.414 MPa, allowing the wires to fecd for a tixed period of time (30 sec), and measuring
the fength of wire fed so that 2 rate could be determined. It should be noted that at wire feed
pressures above about (0.483 MPa, noticcuble loading of the air supply system occurred and it was
necessary to have an assistant interactively adjust the wire feed pressure regulator to maintain the
desired pressure.,

Maximum Droplet Temperature Calculation. A simple model was developed to determine the
maximum possible temperature of the sprayed droplets.  Assumptions of the model include: (1) there
¥ no oxidation reaction and (2) all power in the arc is used to heat the metal. Typical spraying
parameters of wire feed rate, arc voltage, and arc current for cach of the metals spraved were used
in the calculations.

Miximum Stable Dropict Sive Caiculation. The maximum stable droplet size was calculated from
surface tenston charactenistics by assuming: (1) instability occurs when the applied extemal pressure
cxceeds the intemal pressure due o the surface tension, (2) no oxidation reactions occur 1o modify the
droplet surface tension, (3) the droplets have a spherical shape, (4) the pressure of the spraying gas acts
only on the upwind side of the sphere such that the pressure on the downwind side of the sphere can
be assumced to be zero (the pressure is a gauge pressure so the downwind gauge pressure is zcro), and
(5) the temperature of the droplet is the melting point of that particular material. The internal pressure,
p (dynes per square centimeter), in the droplet duc to the surface tension is given by:

p=2T/r [Eq 2]
where T is the surface tension in dynes per centimeter and r is the droplet radius in centimeters.

Sctting the intemnal pressure cqual to the spray pressure (1 psi = 68947.6 dyne/cm?), the maximum
stable droplet dimension can be calculated as r = 2T/p.  This value varies rapidly with spraying
distance since the spraying pressure declines rapidly with distance from the nozzle and the effective
pressure acting on the upwind side of the droplet varies as the droplet is accelerated and approaches
the velocity of the spraying gas stream.  The surface tension for most materials decreases with
increasing temperature above the melting point; this property indicates that superheating of the droplets
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will cause the maximum stable droplet size to be smaller. The calculation assumes static conditions;
during subdivision in actual spraying, the melt viscosity will have a significant influence on the results.

Consumption_Calculations. The power required to spray 1 cm® was calculated from the typical
spraying paramcicrs for that material (voltage, current, and wire fced rate). This number does not
reflect the deposit efficicncy, which decreases with increasing spray distance. The material cost per
cubic centimeter was calculated using prices quoted from TAFA for 22.67 kg quantities of the matcrials

on spools.




3 RESULTS AND DISCUSSION

The test results and a discussion for individual coating materials are presented for cach type of
wire evaluated. Similaritics, differences, and general trends for all materials are summarized in Chapter
4.

Aluminum
Deposition Parameters

Aluminum was sprayed at 25 V, 200 amps, a wirc feed pressurc of 0.552 MPa, and a spray
pressure of 0.414 MPa with air as the spraying gas (AS22).

Depositcd Mass

The deposited mass was not measured. The high temperature of the depositing material bumned
holes through the paper and aluminum foil substrates. In onc case for which aluminum was deposited
successfully onto aluminum foil, thc masonitc backing material was badly charred. From these
observations, it appears that aluminum arc-sprayed with air would not be a suitable shielding method
since its application degrades organic materials on the surfaces to which it is applied. Oxidation of
the droplet surface in flight probably inhibits droplet deformation on impact and thus inhibits adhesion
1o the substrate by (1) intimate contact between the molten metal and the substrate and (2) restricting
mechanical interlocking between the droplets and the substrate topography. Because of the burning
observed, the following tests were not completed:  deposit cfficiency, radius of conductivity, radius of
opacity, opacity thickness, and bend testing.

SEM Observations

SEM images were not as clear as they could have been; there was definite evidence of charging
effects duc 1o the presence of an insulating oxide film on the surface of the particles. Scveral
observations were made for aluminum sprayed onto aluminum foil at 15 cm:

1. At small droplet sizes, droplet topography is not strongly influenced by the substrate
topography. This finding is possibly due to the relatively small area that can be covered by the small
droplet compared with the size of the substrate featurcs and the relatively large restraining tendency
of an oxide film and surface tension on a small droplet. The rapid cooling (surface arca-to-voluine
ratio) and smaller total heat capacity of the smaller droplets may also have an effect.

2. At intermediate droplet sizes, the droplet topography is influcnced by the substrate
topography. The surfaces of the droplets appear to mimic (poorly) the features of the substratc surface.

3. At large droplet sizes, the subsirate topography is influenced by the droplet; localized melting
under a significant portion of the dropict occurs.

4. The "lateral breeze” caused by air escaping from the spray center has a significant effect on
the topography of some of the droplets deposited at about 5 cm from the spray center. Droplets in
this region have microscopic edge features pushed radially outward from the macroscopic spray center.




5. There is a distinct "halo™ visible on the substrate in the region surrounding widely spaced
droplets. The exact nature of this halo is not known at this time; however, some possibilitics include:

e The substrate is scoured locally by contact with the molten metal during droplet splattering.
e The shock wave associated with particle impact somehow disrupts the surface locally.
e Localized hcating of the substrate by the molten droplet enhances atmospheric oxidation.

o The presence of the deposited particle causes a localized fluctuation in the "lateral brecze,"
thus reducing abrasion to the region by solidificd particles carried in the airstrcam.

e The cffect may be due (o some combination of the above possibilities.  Auger depth profiling
in and away from the haloed regions would probebly be the easiest way to interpret this
finding.

Wire Feed Rate Measurements

Wire iced rate was mcasurcd during the tests and the results are listed in Table 1. In the table,
2" indicates that problems were encountered when teeding the wire.  With aluminum, Lic spools
wer : fairly full and the presence of slack in the system near the spool often caused loops of wire to
come off the spools.  This problem was aggravated most by high wire-feed rates. A major
improvement 1o the system would be to add some mechanism to dampen the jerky motion of the
spools; perhaps some type of magnetic damping system similar to the oncs used on fishing reels would
oc appropriate. In the events of bad feed on only one side, the mecasurement was not repeated and the
average values are multiples of the length fed by one side.

The wire feed measurements show that the left side almost always fed slower than the right side
and that the difference between the two was greatest for the b (bent) condition. The greater differcnce
in the bent condition was due to the geometry of the sprayer unit which causes the left tube to have
a smaller radius of curvature than the right; this condition leads to increased friction between the wire
fced tube and the wire. The measurements clearly show that there was a significant difference between
the wire feed rates in the straight and bent conditions at a given value of wire feed pressure. For a
typical wire feed pressure value of 0.552 MPa during spraying, the difference was about 24.5 percent
of the straight-tube value. Actual wire feed rates during spraying could reasonably be expected to be
at somc point between the two extremes.

Maxumum Droplet Temperature Calculation

For the typical aluminum spraying paramcters of 25 V, 200 amps, and 80 psi wirc feed pressure
{about 35.56 cm/scc total f/min), therc are about 16.97 kcal of heat available for each mole of material
being sprayed. It tukes 4.287 kcal to heat 1 mole of aluminum from room temperature (o its melting
point and 2.57 kcal to melt 1 mole of aluminum at 931 K. This leaves 10.11 kcal available to heat
the liquid to 2375 K. This high temperature relative to the burning point of paper (about 500 K) and
the melting point of aluminum explains why the arc-sprayed aluminum burned through paper and
aluminum foil substrates and charred the masonite backing board. The strong tendency for aluminum
to oxidize exothermically probably further increascs the maximum possible droplet temperature.




Table 1

Wire Feed Rate Measurements for Aluminum*

Meters Meters

wip (MPa) Left** Right Hose*** avecm/s tavecm/s
0.6206 4.90 5.11 b 16.69 33.38
0.6206 6.31 6.31 S 21.03 42.06
0.5516 +.41 4.71 b 15.21 3043
0.5516 6.03 6.05 S 20.15 40.28
0.4827 BF 4.38 b 14.61 29.21
0.4827 5.54 5.55 S 18.48 36.98
0.4137 BF 3.56 b 11.85 23.72
04137 4.99 5.00 S 16.66 33.32
(0.3448 BF 3.01 b 10.03 20.07
0.344% 4.60 4.61 s 15.35 30.68
0.2758 BF 2.11 b 7.03 14.07
0.2758 3.90 3.92 S 13.04 26.06
0.2069 0.69 0.84 b 2.56 5.13
0.2069 3.01 3.04 8 10.07 20.17
0.1379 0 0 b 0 0
0.1379 2.00 2.02 s 6.70 13.41
0.1034 0 0 b 0 0
0.1034 1.44 145 s 481 9.60
0.0690 0 0 b 0 0
0.0690 0.74 6.75 S 249 498
0.0345 0 0 b
0.0345 0 0 $ 0

* wlp = wirc feed pressure; avecms = average cm/scc for cach wire; tavecm/s = total average ft
cm/sec of wire consumed during spraying.
** BF = bad feed.
***b = bent;, s = straight,
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Muximum Stable Droplet Size Calculation

The maximum stable droplet size f{or aluminum was calculated for scveral spray pressures
assuming a surface tension value of 860 dynes/cm. At 0.1034 MPa, ris 1.66 x 10° cm. At 0.4137
MPa, ris 4.16 x 10* ¢cm. At 90 psi, r was 2.77 x 10* cm. The value for surface tension was taken
from the CRC Handbook of Chemistry and Physics.”

Consumption Calculations

The encrgy consumption was calculated to be about 7.1 kJ/cm® (1.97 W-hr/cm®). The material
cost was $5.41/kg, which is about $0.0146/cm’.

Aluminum Bronze
Deposition Parametzrs

Aluminum bronze was sprayed at 25 V, 300 amps, a wire feed pressure of 20 psi, and a spray
preesure of 0.6206 MPa.  Air was used as the propeliant gas. Holes were bumed through the paper
aird aluminum substrates at a spray distance ol 15 cm; therefore, the eopacity thickness and bend tests
were not conducted.  However, substrate survivability was increased at larger spray distances.

Deposited Mass

The deposited mass in grams for aluminum bronze (AS16) coatings sprayed onto graph paper was
determined for cach spray distance. The value of zero for a spray distance of 15 cm indicates that a
hole bumed through the graph paper and that the weight of the material deposited on the periphery of
the hole was less than the mass of the paper removed in creating it. Results are as follow:

Spray distance (cm) 15 30 46 61 76
Deposited mass (g) 0.0 3.73 2.23 0.84 0.13

Deposit Efficiency

The deposit cfficicncy was calculated using a value of 27.29 g for the sprayed mass. The results
arc as follow:

Spray distance (cm) 15 30 46 61 76
Deposit efficicncy 0.0 0.14 0.08 0.03 0.01

Radius of Conductivity
The radius of conductivity (ROC) for aluminum bronze was detcrmined for each of the spray

distances; the values arc tabulated below. From these data, it can be seen that, as the spray distance
increased, there was a tendency for the coating to become electrically discontinuous.

‘R.C. Weast and M.J. Astle (Eds.), CRC Handbook of Chemistry and Physics, 63rd cd. (CRC Press,
1982-83).

20




Spray distance (¢m) 15 30 46 61 76
ROC (cm) 2.5 42 3.9 0 0

Radius of Opacity

No radius of opacity was mecasured. The sample sprayed at 30 cm would have had a sizable
opaque arca (still less than the ROC) except for the porosity at the center of the deposit. The sample
spraved at 46 ¢cm showed pinhole porosity throughout.

SEM Obyservations

SEM obscervations were made on a multilayer (multipass) coating that delaminated from a brick
substrate duc to thermal stresses and on the material sprayed at 15 cm.  For the material sprayed at
15 cm (stationary), SEM observations scemed 1o indicate that aluminumi bronze coatings fracture
without large amounts of plastic deformation. The failure mode. c¢ven very near the spray center,
appearcd similar 1o the delamination observed in the zinc coatings distant from the spray center.
Observations of the delaminated material indicated that there was some tendency for delamination to
occur between individual layers of the coating during fracture.  Obscrvatiens of the sample’s back side
showed that the coating conformed very well 1o the topography of the brick and, when delamination
occurred, there was a tendency for particles to be pulled out of the brick and remain embedded i the
underside of the coating.

Wire Feed Rate Mceasurements

Wire feed rate was mcasured and the results are lisied in Table 2. Ditficulties with wire feeding
the aluminum bronze were minimal. The difference between wire feed rates for the bent and straight
conditions at a given wire feed pressure were smaller for the aluminum bronze than for corresponding
conditions in the aluminum wire tests. The wire feed rate for the aluminum bronze with the feed tubces
bent was faster at all wire feed pressures than for the aluminum wire in the bent feed tubes at the same
wire feed pressurcs.  As in the case of the aluminum wire, the right side fed faster than the left, with
the difference being more visible at higher wire {ced pressures and using the bent condition.

Maximum Droplet Temperature Calculation

Suitable thermodynamic data to do the calculation on this alloy could not be located. The lesser
burmning of graph papcr by this material compared with the aluminum is probably a good indication that
heating of the droplets by exothenmic oxidation was not as significant.

Maximum Stable Droplet Size Calculation

The maximum stable droplet size was not calculated because surface tension data for the alloy
were not available.

Consumption Culculations

The energy consumption was calculated to be about 31.1 kJ/em?® (8.04 W-hr/cm"). The matenial
cost is $11.58/kg which is about $0.0910/cm’,
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Table 2
Wire Feed Rate Measurements for
Aluminum Bronze*
wfp (MPa)  Left (m) Right (m)  Hose** avecmy/s tavecm/s
0.6206 6.63 6.44 b 21.34 42.67
0.6206 6.92 6.95 S 23.11 46.23
0.5516 6.01 6.07 b 20.13 40.28
05516 6.55 6.58 S 21.88 43.79
0.4827 5.61 5.64 b 18.76 37.49
0.4827 6.05 6.07 S 20.19 40.39
0.4137 493 5.03 b 16.60 33.17
0.4137 5.49 5.51 S 18.33 36.68
0.3448 4.52 4.55 b 15.11 30.23
0.3448 4.84 4.85 $ 16.15 32.31
0.2758 3.21 322 b 10.71 21.44
0.2758 3.80 3.82 S 12.71 2540
0.2069 2.37 2.39 b 7.94 15.90
0.2069 295 2.96 S 9.851 9.71
0.1379 1.54 1.55 b 5.15 10.31
0.1379 2.03 2.03 $ 6.76 13.51
0.1034 0.91 0.91 b 3.05 6.10
0.1034 1.42 1.42 S 4.74 9.50

*wfp = wirc feed pressure; aveem/s = average cm/sec used for each wire; tavecm/s = total
average cm/sec of wire consumed during spraying.
**b = bent: s = straight,
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Copper
Deposition Parameters

Copper was spraved at 25 V. 160 amps, a wire feed pressure of 6.1379 MPa psi, and a spray
pressure of U452 MPa psio with air as the spraving gas  For copper wire, there appeared to be a
maximum wire feed rate: spraving above this rate caused the arc to be discontinuous due to sliding
contact between the wires. The power cables to the spraver were observed to jerk often as the arc was
established and extinguished. indicating that the peak values of current existing during spraying wcrc
in cxcess of the 160 amps read on the meter.

Ditficulty was expericiced with spraying shor, tixed iengths of wire; this problem resulted in
short lengths of wire being bumed off without being melted. To spray a controlled length, the wire
wax marked with respect 1o a fixed 1eference point on e sproyer. The wire was then wound back
onto the bulk spool belore spraving,  An assistant was requaed during spraying 1o shut down the
spraver when the mark reached the reterence poini. This procedure made it possible o spray a fixed
Lrogth of material.

Bumed holes i the paper substrates G short spray dastances €15 and 20 em) also were a problem,
Spraving onto aluminum toil ai 1S cmecreatca @ hole aliv 125 emoin diameter ncar the spray center
and numercus smailer pencirations from large dropiets 10 the surrounding deposit. Spraying onto
aluminum foil at 46 cm produced numerous small peneiraions throughout the deposit. Spraying onto
hrick depesited a reasoner!y adherent coating on the unpeepared surface.  In one small region, the
coating spalled and the curvature of o remainimg costing surrounding this region indicated residual
tensile stress in the coating. Several bumps up to aboui .3 ¢m diameter were visible on the brick
surface indicating incomplete melting of the wire during spraying. Duc to these problems, opacity
thickness was not deermined lor this material.  In addivon, no bend tests were conducted.

Deposited Mass

The deposited mass in grams for coatings sprayed orto graph paper was determined and i< shown
below.  The low deposited mass at 15 and 30 cm occurred because holes were bumed in the paper
at these spray distances. Copper appeared o adhere well to the foil substrates; however, there was
penetration of the foil by dreplets cven at large spray distances (18 ¢cm).

Spray distance (cnn) I5 30 46 61 76
Deposited mass () (1.95 242 3.19 1.37 0.27

Deposic Efficiency

The deposit efficiency was calculated using a valne of 34.66 g for the sprayed mass. The results
appeur hbelow.  From these data, it can be seen that the deposit efficiency of copper onto graph paper
18 poor.

Spray distance (cm) 15 30 46 61 76
Deposit efficiency 0.03 0.06 0.11 0.04 0.01

Radiqay of Conductivity

The ROC for arc-sprayed copper was determined {or cach of the spray distances as listed below.
Even though holes were burned through the substrates, values were measurable at short spray distances
because a continuous conductive film had formed around the holes.




Spray distance (cm) 15 30 46 61 76
ROC (cm) 2.8 32 37 0.6 0.0

Radius of Opacity

None of the coatings sprayed onto paper were completely opaque. The coatings sprayed at 15
and 30 cm had large holes duc to burning away of the substrate.  The coating sprayed at 46 ¢cm had
pinholes and a hole about 0.3 by 0.4 cm, possibly created by a projected piece of partially melted wire.
Pinholes were also obscrved in copper sprayced onto aluminum foil. The material spraved onto a brick
appeared fully opague; however, it was not possible 1o verify this by light transmission.

SEM Observations

Fracture of coatings sprayed onto brick and aluminum foil mdicated that failure was largely by
delamination between individuai particles which occurred without cxtensive plastic deformation.

Wire Feed Rate M-ousurements

The wire feed rate was measured (Tabie 3y These data show that, in the pressure range used for
s aving (wip = 0.1379 MPa), there was a ditference ot aocul a factor ol 3 in the wire feed rate for
aw bent and straight conditions. That explains the difticully encountered in optimizing the spraying
conditions. it probably would have been betier to spray copper using a higher capacity powcer supply
“hat could handle the jarse transient currents during actual arcing so that a higher wire feed pressure
could be used, making operation less sensitive o wire teed tube bending.  Another alternative would
be to modify the wire feed mechanism (o ensure a constant wire feed rate, regardless of the wire feed
tube bending.

Maximum Droplet Temperature Culculation

For the typical copper spraying parameters of 25 V, 16G amps, and 0.1379 MPa wire feed pressure
(about 8.12 cm/scc), there are about 42.255 kcal of heat available for each mole of material being
sprayed. It takes 7.037 kcal to heat 1 mole of copper from room temperature to its melting point
and 3.11 kcal to melt 1 mole of copper at 1356 K. It takes (0.339 kcal to heat the molien copper
from 1356 K to its boiling point at 2868 K. So far, this accounts for 14.456 kcal of the available
energy; the rest is used to create vapor at 72.8 kcal/mole of vapor at 2868 K which results in .38
molces of vapor and (.62 moles of liquid at 2868 K. In actual practice, the radiation and thermal
conduction to the surroundings would be very significant at the temperatures of molten copper, so that
boiling of the matcrial probably would not be observed.

Maximum Stable Dropler Size Calculation

The maximum stable droplet size for copper was calculated for scveral spray pressures by
assuming a surface tension value of 1350 dynes/cm. At 0.1034 MPa, r was 2.61 x 10° ¢m. At
04137 MPa, r was 2.61 x 10* cm. At 0.6206 MPa, r was 4.35 x 10® cm. The value for surface
tension was taken from the CRC Handbook of Chemistry and Physics.

Consumption Calculations

The energy consumption was calculated o be about 24.88 kJ/em® (6.91 W-hr/cm®). The matcrial
cost 6.29/kg which is about $0.0561/cm’.




Table 3

Wire Feed Rate Measurements for Copper*

wip (MPa)

0.6206

0.6206

3516

0.5516

04827

04K27

04137

Nn4137

().344%

().241%

0.275%

0.275%

0 2069

1.2069

0137

(.1379

0.1034

0.1034

Left (m) Right (m)  Hose** avecm/s tavecmy/s
5.68 6.23 b 19.66 39.32
6.63 6.08 S 22.18 44.35
S35 S.62 b 18.28 36.58
6.18 6.23 s 20.69 4140
4 8% 5.11 b 16.67 3327
573 S.7% s 19,18 38.25
419 4.4% o) 14.48 28.91
5.27 5.31 s 17.63 35.26
3.19 270 b 11.98 23.98
1.56 4.60 S 15.26 30.53
2.57 2.73 b 8.83 i7.68
278 384 § 12.70 25.40
1.77 1.85 b 6.04 12.09
2.81 2.84 s 941 18.80
0.47 0.51 b 1.63 3.25
1.65 1.67 S 5.54 11.07
0 0 b 0 0
0.93 (.95 S 3.13 6.25

* wip = wire feed pressure; avecm/sec = average cm/sec used for each wire,

tavelpm =
b= hent s

total average cm/sec of wire consumed during spraying.
= straight.




Iron (Low-Carbon Steel)

Bend testing, ROC, radius of opacity, ana opacity thickness were not performed for this matcrial.
Deposition Parameters

Low-carbon steel wes sprayed at 25 V, 200 amps, a wire feed pressure of 03448 MPa, and a
spray pressure of 0.4137 MPa with air as the spraying gas (AS17). This material was <prayed onto
both graph paper and brick substrates. Buming of the graph paper at a 15-cm spray distance was
observed and very little ol the mass of material sprayed was deposited onto the substrates at large spray
distances; it appeared that much of the iron was bumed by the air jet before it could be deposited at
large spray distances.

Material sprayed at low thicknesses onto brick appeared to be very adherent; material sprayed at
high thicknesses delaminated in a manner indicating strong residual tensile stress in the coating. The
deleminated material had large amounts of the substrate (brick) material embedded in its back surface.
Substrate failure due to thcrmal shock during spraying was cvident at the comers and edges of the
prick; it wouid be rcasonabic 1o assumc that thermal stress played a significant role in the substrate
fa' Lre associated with delamination of the thick deposits.  Buming of the deposited coating was

swerved for shon spraying distances.  This buming appeared to be promoted by the air jet and the
cowring struciure. The material deposited on the brick had a dark bluish-gray appcarance. Red rusting
AU tigerprints was evident after 4 mionths’ exposure Lo an office environment.

Deposited Mass
The deposited mass was measured and the results were:

Spray distance (cm) 15 30 46 6176
Deposited mass (g) 0.0 0.18 0.0 --

Deposit Efficiency

The deposit efficiency for low-carbon steel was calculated using a value of 27.36 g for the sprayed
mass (sce results beiow). These data show that the deposition efficiency for low-carbon steel was very
low. “The use of an incrt spraying gas may have improved this situation by reducing the metal’s
tendency to be oxidized by the propelling gas.

Spray distance (cm) 15 30 40 6176
Dceposit efficiency 0.0 0.01 0.0 --

Ruadius of Conductivity

The ROC was not measured because the coatings deposited onto the graph paper substrates were
not clectrically continuous.  Ohmmcter probes of the material sprayed onto brick indicated that the
coating was clectrically conductive; however, the contacting resistance was high--on the order of 0.3
to 0.4 ohms for the low-carbon steel coating compared with 0.0 10 0.1 ohms for zinc coatings. From
this result, it appears that low-carbon stecl coatings sprayed in this way would not be suitable for
applications requiring clectrical continuity through mechanical contacting of the sprayed surfaces.




Ruadius of Opacuty

The radius of opacity was not measured.  Thick portions of coating that spalled off the brick
substrate were observed 1o have pinhole porosity.

Opaciry Thicknesy

Opacity thickness was not observed tor iron sprayed onto graph paper, however, measurements
ol the material sprayed onto brick indicated that it must be about 30 gm (microns) or more.

SEM Observattons

SEM observations were made on a piece of the material spraved onto the brick surface.
Significant obscrvations include:

1. There was a very fine structure in the back surface not seen in the front surface which was
possibly due 1o contact with the brick surface; however, it was not noted on the back surfice of other
muaiernals that were sprayed on brick and observed.

2. The coating appeared to fracture by delamination between particles and by brittle fracture of
some particles witht very little evidence of plastic deformation.  Particle fracture must have occurred
somewhat explosively (similar to bending a picee of plastic until it shatters into scveral pieces) since
small fragments of material were observed on the fracture surface.

3. There was some cvidence of delamination between individual layers during deformation and
fracture.

4. Low-magnilication inspection of the back surface indicated good conformation of the coating
to the substrate surface opography.

S. Even though the low-carbon sicel is heavily nxidized during spraying with air, there does not
appear to be much of a problem with charge buildup on the surface during SEM observation.

Wire Feed Rate Measurements

Wire feed rate was mceasaicd for the low-carbon steel wire. The results are listed in Table 4.

Maximum Droplet Temperature Calculation

In addition to the assumptions described in Chapter 2, for the low-carbon steel wire, it was
assumed that the carbon content is so low that thc material can be treated as the thermodynamic
equivalent of pure iron. For the typical iron spraying paramcters of 25 V, 200 amps, and 0.3448 MPa
wire feed pressure (about 31.50 cm/sce total), there is about 13.61 kcal of heat available for cach mole
ol material being sprayed. It takes 6.053 kcal to heat 1 mole of iron from room temperature to the
1033 K alpha-to-beta transition temperature and 0.410 kcal to transform it to beta.  Another 1.529 kcal
is needed to heat 1 mole of beta iron to the 1180 K beta-to-gamma transition temperature and 0.217
kcal to transform it to gamma. It takes 4.501 kcal to heat | mole of gamma iron to the 1673 K
gamma-to-delta transition temperature and 0.150 kcal to make the transition.  So far, this process has
used 12.86 kcal, lcaving 0.75 kcal available for further heating.  Heating 1 mole of delta iron to the
1808 K melting point requires 1.390 kcal and melting requires 3.860 kcal/mole. The remaining heat




Table 4

Wire Feed Rate Measurements for Iron (Low-Carbon Steel)*

wip (MPa) Left (m) Right (m) Hose** avecmnys tavecny's

0.6206 6.31 6.37 b 21.13 42.27
0.6206 6.87 6.88 S 2293 45.87
0.5516 6.15 6.20 b 20.57 41.15
0.5516 6.48 6.48 s 21.59 43.18
0.4827 5.73 5.77 b 19.16 38.30
0.4827 6.07 6.07 s 20.23 40.49
0.4137 5.25 5.28 b 17.55 35.10
0.4137 5.52 5.54 S 1842 36.88
00.3448 4.64 4.65 b 1549 30.99
0.3448 491 4.91 S 16.38 32.77
0.2758 3.94 3.96 b 13.17 26.31
0.2758 4.15 4.15 S 13.83 27.69
0.2069 3.06 3.09 b 10.25 20.47
0.2069 3.38 3.38 S 11.26 22.50
G.1379 1.97 1.98 b 6.58 13.16
0.1379 2.32 2.32 s 7.73 1544
0.1034 1.40 1.40 b 4.66 9.30
0.1034 1.66 1.66 S 5.55 11.07
{3.0690 0.30 0 b 0 0

0.0690 1.05 1.05 $ 353 7.01

*Wip = wire feed pressure; aveem/sec = average cm/sec for cach wire;
lavecm/s = total average cm/scc of wire consumed during spraying.
**b = bent: s = straight.
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available can only bring the material o 1746 K, which is below the melting point. For iron-carbon,
the beginning of the melt zone can be depressed to 1746 K by adding about 0.3 weight pereent carbon
to the iron, which is pushing the upper limit for the carbon content of "low carbon stecls.” In truth,
the melting temperature would have 1o be further depressed by larger additions of carbon to supply the
energy for melting and to place the material far enough into the two-phase ficld to allow droplet
formation. in addition to accounting for heat losses to the environment during spraying.  Evidently,
exothermic oxtdation of the iron by the propelling air provides a2 major portion of the energy required
for melting the metal as it is sprayed. This finding implics that, when arc-spraying low-carbon stecl
with air as the spray gas. the actual material eing deposited is a mixture of iron and iron oxide.

Mavmum Stable Droplet Size Calculation

The maximum siable dropicc «ize tor low-carbon steel was calculated for several spray pressare
values by assuming a surface tension vaiue of 1880 dynes/cm. Ac 0.1034 MPa, r was 264 X 107 ¢m.
AU 0327 MPa, rowas .09 x 107 v AL 0206 MPa. r was .06 x 10* ¢cm. The value for surfice
icnvon used was that for pure iron ixken crom the CRC Handbook of Chemistr and Phyaics.
Constmption Calculations

ihe cnerey consamption was calcuiated o be abour R0 K)/em' (2.23 W-hr/em ). The material
coest $0.97& e, which iy $0.0313/m
13 i’ereent Chrome Steel (ASZH

Depaosition Puranieiers

The 13 percent chirome steel was spraved at =5 V. 1735 amps, a wire feed pressure of 0.2758 MPa,
and a spray pressure of 04137 MPa with dir as the sprayving gas.

Deposited My

The deposited mass was not measured. The high temperatures associated with spraving this
et vaused the craph paper substrates to ignite cven at a spray distance of 76 cm.  Clearly. this
material would not be suitable as a shiclding material for dircet spraying onto organic construction
materds or inorganic materials coaed with orpanics such as paint. For this reason, the iollowing tests
were net run: deposit efficicncy, ROC, (adius of opacity, opacity thickiess, bend testing, and SEM
obsenvations.

Wire Feed Rate Measurements

The wire teed rate was measured for 13 pereent chrome stecl and results are presented in Table

Mavirmun Droplot Temperature Caloulation
No suitaoie themmodynamic data were located for doing this calculation.
Vavimum Stable Dropler Sice Caleulation

The madimum stable droplet size was not calculated due to Tack of availability of surface tension
daia avalable for the alloy.
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Table §

Wire Feed Rate Measurements for 13 Percent Chrome Steel

wfp (MPa) Left (m) Right (m)  Hose** avecm/s tavecm/s
0.6206 5.67 5.93 b 15.33 38.66
0.6206 6.53 6.55 3 21.80 43.59
0.5516 5.70 S.80 b 19.18 38.35
0.5516 6.08 0.10 S 20.30 40.59
0.4827 5.21 5.30 b 17.51 35.00
0.4827 5.77 5.7% $ 19.25 38.51
0.4137 4.85 4.50 b 16.26 32.51
0.4137 5.30 5.32 S 17.70 3541
0.3448 4.26 4.31 b 14.29 28.60
0.3448 4.76 478 S 15.89 31.75
0.2758 3.76 3.80 b 12.60 25.20
0.2758 4.11 4.13 s 1374 27.58
0.2069 2.87 2.90 b 9.61 19.20
0.2069 3.34 3.35 S 11.15 22.30
0.1379 1.84 1.85 b 6.14 12.29
0.1379 2.19 2.20 S 7.32 14.63
0.1034 1.11 1.12 b 3.72 7.47
0.1034 1.52 1.52 5.08 10.16
0.0690 0.08 0.08 b 0.25 0.51
0.0690 0.72 0.72 s 2.41 4.83

* wip = wire fecd pressure; avecm/s = average cm/sec used for each wire;
tavecm/s = total average cm/sec of wire consumed during spraying.
**b = bent; s = straight.




Consumption Calculations

The cnergy consumption was calculated to be about 8.4 kJ/em® (2.33 W-hr/cm®). The matcrial
cost $7.83/kg, which is about $0.0615/cm’.

Nickel
Deposition Parameters

Nickel was sprayed at 25 V, 225 amps, a wire feed pressure of 0.3103 MPa, and a spray pressure
of 0.4137 MPa with air as the spraving gas (AS23).

Deposited Mass

The deposited mass was not mcasured. The high temperature of the depositing material bumed
holes through the paper substrates out to a distance of 61 cm. An aluminum f{oil substrate sprayed at
46 ¢m had a holc approximately 6.4 ¢cm by 8.9 ¢cm bumed in the spray center and several smaller
holes of at least 0.3 cm diameter burned in the surrounding foil. The smaller holes were probably
made by incompletely melted pieces of wirc projected from the sprayer. Apparently, this matcrial
would not be suitable for spraying on organic construction materials. Thercfore, the following
propertics were not obscrved:  deposit efficiency, radius of conductivity, radius of opacity, opacity
thickness, bend testing, and SEM obscrvations.

Wire Feed Rate Measurements

The wire feed rate was measured for nickel wire and results are shown in Table 6. The data
show that wirc feeding for nickel followed the samc trends observed for the other wires. At an
operating pressure of 0.3103 MPa, there was about a 20 percent difference between the bent and
straight conditions in wirc fced rate.

Maximum Droplet Temperature Calculation

For the typical nickel spraying paramecters of 25 V, 225 amps, and 0.3103 MPa wire fced pressure
(about 25,4 cm/scc total), therc were about 17.65 kcal of heat available for each mole of material being
sprayed. It takes 2.398 kcal to heat 1 mole of nickel from room temperature to the 626 K alpha-to-
beta transition temperature and 0.092 kcal to transform it to beta. Another 8.947 kcal are needed to
heat the beta nickel to the 1728 K melting point, plus 4.21 kcal to mclt the nickel. So far, 15.647 kcal
have been used and the remaining 1.978 kcal are available to heat the melted nickel to 1945 K. The
high temperature and high mclting point of nickel account for the substratc burning obscrved.

{uximum Stable Droplet Size Calculation
The maximum stable droplet size for nickel was calculated for scveral spray pressure valucs by
assuming a surface tension value of 1770 dynes/cm. At 0.1034 MPa, r was 3.43 x 10° cm. At 0.4137
MPa, r was 8.56 x 10* cm. At 0.6206 MPa, r was 570 x 10* cm.

Consumption Calculations

The cnergy consumption was calculated to be about 11.2 kJ/em?® (3.11 W-hr/cm?®). The material
cost $24.16/kg, or about $0.2149/cm>.
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Table 6

Wire Feed Rate Measurements for Nickel*

wip (MFa) Lol (my) Right (m) Hose** avecnvs tavecm/s
0.6206 5.26 5.33 b 17.65 35.31
0.6206 6.31 6.31 21.04 42.06
0.5516 5.03 5.09 b 16.86 33.73
0.5516 6.06 6.06 S 20.19 40.39
0.4827 4.80 481 b 16.02 32.08
0.4827 5.64 5.64 S 18.80 37.59
0.4137 4.33 4.36 b 14.48 28.96
0.4137 5.10 S.11 S 17.02 34.04
(.3448 378 3.77 b 12.53 25.04
0.3448 452 4.52 s 15.07 30.12
0.2758 3.01 3.04 b 10.07 20.17
0.2758 3.85 3.86 S 12.85 25.70
0.2069 2.1 2.12 b 7.05 14.12
0.2069 2.90 1.08 ) 9.67 19.35
0.1379 1.08 1.08 b 3.60 7.21
0.1379 1.78 1.78 S 5.93 11.84
0.1034 0.32 0.32 b 1.06 2.13
0.1034 1.12 1.12 S 3.72 7.47
0.0690 0 0 b 0 0
0.690 0.127 0.13 S 042 0.86

*wlp = wirc feed pressure; aveem/s = average cm/sec used for each wire;

tavecm/s = total average cm/sec of wire consumed during spraying.
**b = bent: s = straight,
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Nickel-Chrome
Deposition Parameters

The nickel-chromium alloy was sprayed at 25 V, 230 amps, a wire fecd pressure of 0.3448 MPa,
and a spray pressure of 0.4137 MPa. Holes were bumed through the grapii paper subslrates at spray
distances up o 76 ¢m. A large hole some 8.9 cm in diameter was burned in the aluminum foil
substrate at 46 cm. There were many smaller holes of about 0.1 to 0.3 cm diameter in the region
surroundinyg the large hole.  Apparcntly, the high deposition temperature of this material makes it
unsuitable for coating organic materials. Therefore, the following tests were not performed:  deposited
mass, deposit cfficicncy, ROC, radius of opacity, opacity thickness, bend testing, and SEM obscrvations.

Wire Feed Rate Measurements

Wire feed rate was measurcd for the nickel-chromium alloy. Table 7 reports the data.
Maximum Droplet Temperature Calculation

No suitzbly thermodynamic data were focated 1o do the calculation on this alloy.
Mavimum Stablc Droplet Size Calculation

The maximum stable droplet size was not calculaicd because surface tension data for this alloy
arc not available. The nickel-chrome droplets deposited on the surface of the aluminum foil appear
10 be stightly larger than those in the nickel test.
Conswnrption Calculations

The energy consumption was calculated to be about 11.5 kJ/em® (3.19 W-hr/cm?). The material
cost $21.72/kg, which is about $G.1705/cm?.
Tin

Opacity thickness was not measured for tin.  In addition, bend testing was not conducted.
Deposition Parameters

Tin was sprayed at 25 V, 75 amps, a wire feed pressure of 0.5516 MPa, and a spray pressure of
0.4137 MPa with air as the spraying gas (AS18). The wire used for tin spraying was available only
in 0.1981-¢cm size as opposcd o the 0.1588-cm-diamceter wires used for spraying all the other metals.
Spraying tin produced a cloud of yellow smoke which was much more irritating to the operator than
the fumes associated with spraying other materials such as zinc. Spraying at large distances tended
to preduce a deposit naving a yellowish color.  Also, tin wire is almost too soft to handle. The
fceding problems were more frequent than with any other metal sprayed. Problems included: (1) wire
breaking between the spools and wire drivers caused by the resistance to supply spools’ tuming and
(2) pileup of the wire in front of the wire drivers duc to debris in the spraver tips. However, the wire

was casy to remove from the tips--unlike the case for which zinc pilcups occur, because the zinc wire
fuses to the sprayer tips.
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Table 7

Wire Feed Rate for Nickel-Chromium Alloy*

wip (MPa) Left (m) Right (m) Hose** avecmy/s tavecm/s

0.6206 4.78 4.78 b 1593 31.85
0.6206 6.23 6.25 20.80 41.61
0.5516 4.38 4.45 b 14.71 2941
0.5516 5.66 5.68 S 18.90 37.80
0.4827 395 3.99 b 13.24 2647
0.4827 5.30 5.30 S 17.66 35.31
0.4137 3.35 3.38 b 11.22 2245
04137 4.80 4.81 S 16.01 32.06
0.3448 3.07 3.23 b 10.49 20.98
0.3448 4.24 4.24 s 14.12 28.24
0.2758 2.44 2.60 b 8.40 16.81
0.2758 3.70 3.73 S 12.39 24.79
0.2069 1.79 1.86 b 6.09 12.19
0.2069 2.88 2.90 s 9.63 19.25
0.1379 1.00 1.02 b 3.38 6.76
0.1379 1.64 1.64 s 547 10.92
0.1034 0 0 b 0 0

0.1034 1.04 1.04 S 3.46 6.91
0.0690 0 b 0 0

0.0690 0.56 0.56 S 1.86 3N

*wip = wire feed pressure; aveem/s = average cm/sce used for cach wire;

tavecm/s = total average cm/scc of wirc consumed during spraying.
**h = bent; s = straight.
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Deposited Mass

The deposited mass in grams for coatings sprayed onto graph paper was determined. A low value
occurred at 15 ¢m because a hole was bumed through the middle of the substrate and the arca of paper
and unowas fost. Deposited mass results for tin (AS18) were:

Spray distance (cm) 15 30 46 61 76
Deposited mass () 5.05 142 6.89 344 0.93

Deposit Efficiency

The deposit efficiency was caletulated using a value of 37.36 g for the sprayed mass. The results
WETre:

Spray distance (cm) 15 30 46 61 76
Deposit cfficicney 014 0.38 (119 0.09 0.02

Radius of Conductivity
The ROC was determined for cach spray distance.  Values were:

Spray distance (cmi) is 30 46 61 76
ROC (cm) 541 592 5.64 546 3.51

Radius of Opacity

The radius of opacity was not mcasured. AL coatings sprayed at 30 ¢cm or farther had pinhole
porosity throughout. The coating sprayed at 15 ¢cm bumed a large hole in the spray center of the
substrate.

SEM Observations

No SEM observations were attempted: however, visual observations were made. Significant among
these observations were: (1) the bubbly central regions present only at 6 in. for the zinc coatings (sce
the nexi scction) persisted 1o a distance of 61 cm with the tin coatings: this result is probably strongly
related to the fower melting point of tin, (2) at a spray distance of 15 c¢m, thc molten layer built
sulficient thickness on the substrate 1o be blown out of the center by the laterally deflected air stream;
this finding supports the possibility for radial motion of depositing particles at the substrate surface
under the influence of a "lateral breeze” (Figure 1).

Wire Feed Rate Measurements
Wire feed rate measurements were abandoned due to difficultics with feeding the wire. With tin,
having the feed tubes straight rather than bent made the difference between the wire feeding or

hreaking. In the case of 0.6206 MPa wire fced pressure with the feed tubes bent, the wire in the left
tube broke at the start and the right wire fed 5.50 m within 30 scc.
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Muaximum Droplet Temperature Calculation

For the typical tin spraving parameters of 25 V, 75 amps, and 0.5516 MPa of wire fced pressure
(about 40.64 cm/sec total), there were about 5.715 kcal of heat available for cach mole of material
being sprayed. It takes 1.439 keal 1o heat 1 mole of tin from room temperature 1o the 505 K melting
point and 1.690 kcal to melt it.  This process leaves 2.586 kcal that heat the liquid to 859 K.

Maximum Stable Droplet Size Calculation

The maximum stable droplet size for tin was calcutated for several spray pressure values by
assuming a surface tension vatue of 560 dynes/em. At 0.1034 MPa, r was 1.08 x 10° cm, At 0.4137
MPa, r was 2.71 x 10* cm, and at 0.6206 MPa. r was 1.80 x 10* ¢m. The value for surface tension
is that for purc tin from thc CRC Handbook of Chemistry and Physics.

Consumption Calculations

The encrgy consumption was calculdated to be about 1.47 ki/em’ (0-11 W-hr/em®),  The material
cost $32.52/kg, or $0.2368/cm’.
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Figure 1. "Lateral breeze" generation which gives rise to droplet motion parallel to the
substrate surfaces at locations away from the spray center.
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Zinc
Deposition Parameters

A wide range of deposition parameters was used for spraying zinc because it is the metal which
is arc-sprayed most often. The data from sprayed zine was analyzed (o observe trends that could be
used 10 minimize the time required o find the optimal spraying parameters for the other materials
spraved. Table 8 lists the deposition parameters for iesting this material.  Wire lengths indicated with
a U7 such as 15 or 4, are actually approximate spraying times in scconds.  The "times" were
monitorcd by lightning counts (one thousand one, one thousand two, etc.) so the absolute value of the
data from these coatings has significant error; however, the seneral trends should be valid.  Coatings
done by timing were spoot-fed <o that the actual current during spraying may have differed from that
registered during the sctup due 1o the ctfects that berding the wire feed tubes had on the wire feed
rate.  Coatings tornmied using cut lengths ¢ wire used the wire feed spools; therefore, the actaal wire
feed rate and current during spraving were higher than the vadues histed in the table.

[)(,'m_\lu’d Muasys

Fhe denosited mass o grams was determinned for coanngs spraved onto graph paper (Takle 9)
e NY valae tor 6 emo1s the average of sin samples. e AIR value 1or 46 cm iy the average ol
Live sampies,

The citects of zine spraving conditions o deposited mass are summarized below,

1. Deposited mass decreased with increasing spray distance. A reasonable explanation for this
observation is that some particies solidify in Jight winle traveling the source-to-substrate distance and
are retlected from the substrate. The probability of the particle cooling before impact increases with
increasing source-to-substrate divtance.  Smaller panticles should cool first since their surface area-1o-
voiume ralio 1s greater than that of a larger paricic.

2 Deposited mass increased with increasing spray time.
3. Decreasing the are voltage during spraying tended to decrease the deposited mass, especiaily
at long distances. A reasonable explanaticn for this is that, at reduced voltage (and hence reduced
current and otal power), superheating of the molten dropleis by ihe arc is reduced and, therefore, the
provability that they will solidify in flight and be reflected from the substrate increases.  Another
cxplanaton is that, at high power and the same gas flow rate, the spray gas can be heated to a higher
temperature, thus reducing the cooling rate of the droplets being conveyed by it

4. Reducing spraying pressure tended to increase deposit mass at large spraying distances. A
reasonable explanation for this finding is that, at a given temperature, a molter: metal has a specific
surface tension. The spraying pressure must work 10 overcome this surface tension in forming a
droplet tfrom the molien metal. A higher sprayving pressure can form a smaller droplet while a lower
spraying pressure requires that a larger droplet be formed before it can be pulled from the melt. This
condition indicates that the average droplet size will increase with decreasing spray pressure and, since
a farger droplet is more Likciy to remain molten and adhere 1o the substrate at longer spraying
distances. the deposited mass at farge spraying distances should increase with decreasing spraying
pressure. Reducing spray pressure also reduces the volume of gas to be heated by the arc.

5. Increasing wire feed rale increased the deposited mass at short spraying distances. A possible

explanation for this finding s that, at higher wire feed rates, the heat of the arc must penetraie more
material 1o be melted: this results inless superheating of the melt. . The lower melt temperature
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Table 8

Spraying Parameters for Zinc Tests

Wire
Zinc wip* Spray Length
Condition Volts Amps {(MPa) {Mpa) (cm) Gas
AS|1 21 100 0.4137 0.6068 t15 air
AS2 21 100 04137 0.6068 4 air
AS3-2 21 100 04137  0.606% 12 air
AS3-4 21 100 04137 0.6068 14 air
AS3-% 21 100 04127  (.6068 18 air
AS3-16 21 100 04137 (0.6068 116 air
AS4-2 17 100 0.4137 (.4482 12 air
AS4-4 17 100 0.4137 0.4482 14 air
AS4-8 : 17 100 04137 04482 18 Ur
AS4-16 17 100 04137 (0.4482 116 air
ASS-2 23 140 0.4137 (0.6068 12 air
AS5-4 23 140 04137  0.6068 14 air
AS5-8 23 140 04137  0.6068 18 air
ASS-16 23 140 0.4137  0.6068 116 air
ASG6-2 20 135 0.5516  0.6206 12 air
AS6-4 20 135 05516 0.6206 4 air
AS6-8 20 135 0.5516  0.6206 18 air
AS6-16 20 135 05516 0.6206 116 air
17 100 04137  0.4482 air
20 130 04137  0.4482 air
23 140 04137 0.4482 Air
25 150 04137 04482 air
25 145 04137 04827 air
23 140 04137 04827 air
20 130 0.4137 04827 air
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Table 8 (Cont’d)

Wire
Zinc wip* Spray Length
Condition Volts Amps (MPa) {Mpa) (cm) Gas

AS6-16 20 125 04137 0.5516 air
(cont’d) 23 145 0.4137 0.5516 air

R 50 0.4137 0.5516 air

18 100 0.4137 (.5516 air
AS7 25 200 0.5516 0.6206 15 air
AS7-B 25 200 (13516 04137 15 air
ASR 20 175 0.5516 0.6206 15 air
ASNB 20 175 05516 0.4137 15 air
AS© 25 150 0.4137 0.6206 15 air
ASY-B 25 150 04137 04137 ) air
AS10 25 (60 137 0.6206 106.7 air
AS11 25 200 05516 0.6206 1067 air
AS12 25 180 04137 04137 1067 air
ASI13 18 120 0.4137 0.6206 1067 air
AS14 25 175 0.5516 04137 106.7 air
AS1S 25 210 (15516 0.6206 45.7 air
N2 25 180 0.5516 04137  106.7 nitrogen
AIR 25 180 0.5516 0.4137 106.7 nitrogen

*Wire feed pressure.

increases viscosily and surface tension; thus, the droplet size for a given spruy pressure will increusc.
but the droplet temperature will be lowered. Larger droplets will cover a greatcr arca on the substrate
upon impact and thus have a greater chance of coating a binding sitc and adhering to the substrate.
The lower droplet temperature implics that solidification may occur more rapidly over a shorter spray
The cffect of reducing spray pressure is
more pronounced than that of increasing wire feed rate at large spray distances.

distance, with reduced adherence at larger spray distances.

Oeposic Efficiency

The deposit efficiency was calculated using a value of 25.5 g for the sprayed mass of 106.7 ¢m
wire lengths and a value of 7.67 g for the spraved mass of 46 cm wire lengths. The results are given

in Table 10,
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Table 9

Deposited Mass (g) for Zine Coatings
Sprayed Onto Graph Paper

Sprav Distance (¢cm)

Zinc

Condition 13 30 46 61 76 91
AS3-2 4.00 1.90 1.06 073 047

AS34 8.50 5.66 316 1.92 i 34

AS3-R 179 9.95 5 43 5.00 2.83

AS3-16 36.7 293 158 9.85 6.75

ASH-2 4.15 327 1.51 0.90 0.40

AS4-4 x4l 5.74 3.65 218 1.01

ASH-4 17.5 129 EAY) 3.97 234

AS4-16 354 20.0 18.5 11.6 6.87 3.00
ASS-2 3.22 2.74 1.61 0.74 0.57

AS5-4 7.10 5.52 2.98 1.79 1.04

ASS-8 i4.4 10.3 6.48 4.07 1.94 0.98
ASS-16 323 20.6 2.5 7.18 341 1.84
ASH-2 S.15 +.03 2.20 114 0.66

AS6-4 10.8 6.94 3.74 2.70 1.44 0.75
ASG-S 24.6 15.5 10.2 5.49 3.69 2.15
ASO-16 533 331 24.2 14.4 8.86 5.17
AS10 14.0 8.95 6.35 4.19 2.39 1.35
ASTI 16.6 9.90 6.79 3.96 227 1.28
ASH2 14.9 8 64 6.78 5.26 245 2.13
ASI3 135 n.82 3.54 1.53 0.59

AST4 15.1 955 7.45 5.67 4.08 2.96
AS15 373 2.20 1.55 0.97 0.55

N2 14.8 628 8.23 6.77 5.36

AIR 6.31
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Table 9 (Cont’d)

A B C D E F Avg Std Dev
N2(x=40) 8.01 8.(4 8.22 8.54 8.34 827 8.24 0.197
AIR(x=46) 644 6.09 6.41 6.23 6.40 6.31 0.150

The spraying conditions” cffects on deposition efficiency are summarized below.

1. The deposit efficiency increased with increasing spray time. A possible explanation for this
finding is that when deposition 1s just beginning, the substrate surface is relatively smooth such that
it does not have projections onto which incoming droplets can lock and bond themscives to the surface.
As deposition continues, the surface becomes roughened by deposited droplets that provide better
bonding sites tor the incoming droplets. This explanation suggests that the deposition rate is a function
of surface roughness. The literature indicates that shotblasting the surface prior to deposition improves
the adhesion of thermal-sprayed coatings by allowing more mechanical interlocking; the same treatment
should also increase the deposition cfficiency.  Deposition efficicncy should be strongly coupled to
adhesion in the sense that the set of parameters producing a high deposition cfficiency also cause the
coating to adherc well to itsell and the substrate.

2. Deposition cfficiency decrcased with incrcasing spray distance in parallel with the discussion
under Deposited Mass above.

3. Decreasing the arc voltage during spraying tended to decrease the deposition cfficiency; sce
the discussion under Deposited Mass above.

4. Reducing the spraying pressure increased deposition efficiency at large spraying distances as
described above under Deposited Mass.

5. Similarly, increasing wire feed rate increased deposition cfficiency at short spraying distances
as described above.

6. Using nitrogen as the spraying gas improved the deposit cificiency, especially at larger spray
distances (compare N2, AIR, and AS14).

7. There was a significant influence of surrounding temperature and spray gas temperature on the
deposition cfficiency. ASIT4 was sprayed in latc June near midday and N2 and AIR were sprayed necar
mid-November when it was very cold outside.  The AIR coatings had a significantly lower deposit
cfficiency than the corresponding AS14 coating.  Switching to nitrogen as spray gas compensated for
the loss of deposition efficiency due to low temperatures--cspecially at longer spray distances.
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Table 10

Deposit Efficiency for Zine Under Varied Spray Conditions

Sprav Distance (¢m)

Zinc

Condition 15 30 16 61 76 91

AS10 (.55 0.6 ().28 0.17 0.09 0.03

ASTH 0.66 (.20 0.27 0.16 (0.09 0.05

ASI2 0.59 0.34 0oy 0.21 0.10 008

ASIR 0.53 0.35 0.4 0.06 0.02

ASI4 0.60 0.38 0.30 Nno23 0.16 0.12

ASI1S 0.49 0.29 0.20 0.13 0.07

N2 0.539 0.37 0.23 (.27 0.21

AIR 0.25

A B C D E I Avg Std Dev

N2(x=46) 0.32 0.32 0.33 0.34 0.33 0.33 0.33 0.008
AlIR(x=46) 0.26 0.24 0.25 0.25 0.25 0.25 0.006

Ra:lins of Conductivity
The ROC was determmined for cach spray distance. Table 11 reports the findings.
The cifect of spraying conditions on ROC had the following trends:

I. The ROC increased with increasing spraying time; this result implies that the ROC is
proportional to the deposited mass, which also increased with increasing spraying time.

2. The ROC increased with increasing arc voltage, an occurrence probably coupled to the
deposition cfficiency which was low for a low arc voltage.
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Table 11

Radius of Conductivity (cm) for Zinc

Sprav Distance (¢cm)

Zinc
Condition 15 30 46 61 76 91
AS2 3.78 5.33 5.79 6.38 3.94 -
AS3-2 3.86 4.39 4.34 3.66 0 -
AS3-4 4.62 5.46 5.77 5.44 3.94 -
AS3-9 5.37 6.12 6.91 7.01 6.35 -
AS3-16 6.30 7.19 7.52 8.08 8.03 -
AS4-2 37N 5.05 495 3.15 0 -
AS4-4 4.45 5.66 6.02 5.66 292 -
AS4-8 5.31 6.67 6.83 6.73 592 -
AS4-16 5.79 7.29 8.28 8.51 8.05 6.35
ASS5-2 3.78 4.70 4.60 3.43 0 -
AS5-4 4.29 5.28 5.59 5.33 3.84 -
ASS-8 4.75 5.66 6.25 6.45 5.46 0
ASS-16 5.77 6.60 7.04 5.46 6.58 5.38
AS6-2 3.84 483 5.36 4.88 3.25 -
AS6-4 4.67 5.69 6.17 6.12 5.44 2.34
AS6-8 5.41 6.35 6.93 7.29 7.01 592
AS6-16 6.32 7.21 8.03 8.74 8.69 8.23
AS10 5.28 6.20 6.88 7.06 5.97 3.91
AS1] 5.00 6.68 7.06 6.83 5.94 0
AS12 5.84 7.14 7.37 7.59 5.23 -
ASI13 4.45 541 6.02 5.49 0 -
AS14 5.89 6.76 7.57 1.75 7.39 6.55
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Table 11 (Cont’d)

Spray Distance (¢cm)

Zinc

Condition 15 30 46 61 76 91

ASI3 4.27 5.11 5.16 4.60 0 -

N2 7.34 7.4 8.23 841 8.31 -

AR - - 7.24 - -

A B C D E I Avg Std Dev

N (x=46) §.23 8.36 8.31 8.i5 8.15 8.00 3.23 0.13

AIR(x=46) 7.44 7.14 726 6.99 7.37 - 7.24 0.18

3. There was ar optimal spraying distance to maximize the ROC. This optimum represents a
balance between the finite divergence of the spray stream and the decrease in deposit efficiency at large
spray distances. At short spray distances, the deposition efficiency was high but the area covered by
the spray stream was small, so the size of the conductive area formed was small. At large spray
distances, the sizc of the area covered by the spray strcam was large; however, the deposition efficiency
was low and the impingement ratc per unit arca was small (impingement rate per unit area falls off
roughly as one over distance squared), so the coating is deposited discontinuously over a large arca,
resulting in a small ROC. At intermediate spray distances, therc is a balance between impingement
ratc, deposition efficiency, and arca covered by the spray strcam to give a maximum conductive area.

4. Thc optimal spraying distance increascd with increasing spraying time.

5. An increase in the mass deposited should increase the size of the conductive area formed since
the dose per unit arca will increase.

6. The use of nitrogen as a spray gas was found to increase the size of the conductive area
formed at all spray distances (compare N2, AIR, and AS14).

7. There is a temperature effect such that decreasing the temperature of the spray gas and the
surroundings decreased the size of the conductive arca formed.

Radius of Opacity

The radius of opacity was determined for zinc at cach spray distance. Table 12 presents the
findings.
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Table 12

Radius of Opacity (¢cm) for Zinc

Spray Distance (cm)

Zinc

Condition 15 30 46 61 76 91

AS6-2 2.90 2.11 2.06 0 0 -

AS6-4 3.45 3.86 2.97 0.56 0 0

AS6-8 3.76 4.65 4.50 2.74 0 0

AS6-16 429 521 5.31 4.85 2.90 0

AS10 3.38 3.06 358 0 0 0

AS11 3.38 4.4 3.58 0 0 0

AS12 3.66 4.04 3.10 0 0 0

AS13 3.33 381 2.24 0 0 0

AS14 3.86 414 3,73 1.96 0 0

AS15 2.87 2.69 0 0 0 0

N2 3.89 3.81 3.45 0 0 -

AIR - - 348 - - -

A B C D E F Avg Std Dev

N2(x=46) 3.33 3.33 333 3.33 3.66 3.73 345 0.19
AIR(x=46) 3.51 3.51 3.58 3.56 3.30 - 3.48 0.11

The effects of spraying condition on radius of opacity are summarized below.
1. The radius of opacity incrcased with spraying time similar to the ROC.

2. Therc was an optimal spraying distancc to maximize the radius of opacity; the reasoning is
paralicl to the situation for the ROC,

3. The optimal spraying distance increascd with spraying time.
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4. Reducing the spray pressure and increasing the wire feed rate increased the radius of opacity
at all spraying distances. This result may be coupled to the improved spraying cfficiency for these
conditions.

5. Reducing the voliage reduced the radius of opacity at all spraying distances. This finding may
be coupled to the poor deposit efficiency at these conditions.

6. The radius of opacity was always smaller than the radius of conductivity. This condition
implics that the coating always became clectrically continuous before it became opaque for the
deposition conditions studied. For EMP/RF1 applications, it suggests that an optically dense coating
should provide adcquate shiclding as long as the coating thickness at the point of opacity is sufficicntly
larger than the skin depth of the frequency of interest.

7. At large spray distances, there were significant conductive arcas while the coatings were
completely porous.

8. Coatings sprayed with nitrogen appearcd to tiave opaque arcas similar in size 10 those sprayed
vith air however, the nitrogen-sprayed ccatings formed targer conductive arcas.  This result implies
.t oxide formation, which inhibits conductivity between narticles at low coverage, is reduced by
praving with nitrogen.

Opucity Thickness
The opacity thickness was determined for zine at cach spray distance. Table 13 lists the results.

The opacity thickness increased with ‘ner ~Ing spraying distance. This finding supports the idea
that, as spray distance increases, orly the larger particles that remain molten when they strike the
substrate will adhere. For a rough approximation, as particle size increascs, the interparticle pore size
increascs and thus the coating thickness required {0 produce an optically dense coating would increase.
There was a significant cffect of temperature on the opacity thickness; low temperatures of spraying
gas and surroundings appcearced to inhibit the depesition of smaller droplets by promoting freczing
prior to impact, similar to the longer spray distances. Low temperatures probably also reduced the time
available for droplet relaxation after impact before freezing, which gave rise to a rougher surface and
an artificially higher thickness since the thickness probe rests on the peaks of surface roughness.

Bend Testing

Bend testing was conducted on zinc condition AS14 by spraying onto a smooth, thick aluminum
sheet (about 0.32 c¢cm). The zinc coating spalled off the smooth surface duc to thermal siresscs 10
provide freestanding sheets of coating for bend testing. ‘Table 14 presents the results. A strain of 1.4
percent was assumed for the calculated breaking diameter.® The data indicate that the observed radii
of curvature for coating rupture were less than the calculated values. A possible explanation is that
coating thickness is measured from peak to peak of the coating surface roughness and the yiclding of
the coating is first accommodated in the thinnest regions of the coating which can be bent to a smaller
radius before exceeding the critical strain for rupture. Before SEM observations were attempted, the

‘Mathewson, C. H., Zinc: The Science and Technology of the Metal, Its Alloys and Compounds
(Rcinhold, 1959).
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Table 13

Opacity Thickness (microns) for Zine

Spray Distance (cm)

Zinc

Condition 15 30 46 61 76 91

ASI0 84 99 119 -

AS11 76 107 147 -

AS12 69 109 150 -

AS13 53 91 140 -

Av(10-13) 71 102 140 -

AS14 85 100 123 157

AS15 44 67 - -

N2 124 147 150 -

AIR - - 132 -

A B C D E F Avg Sid Dev
- N2(x=46) 153 143 165 160 138 139 150 19
AIR(x=46) 135 132 130 144 118 - 132 13

graph paper and aluminum foil substrates were compared visually to assess the coatings. It was found
that:

1. "Hail damage” type deformation occurred in the aluminum foil substrates in the region
surrounding the coating for samples sprayed at large distances. This result indicates that a major
portion of thc coating flux is solidifying beforc rcaching the substratc. Similar damage was not
obscerved on the graph paper substrates; however, if it did occur, paper would not preserve the evidence
as well as aluminum foil.
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Table 14

Bend Test Results for Zinc (AS14)

Observed Calculated
Zinc Breaking Breaking
Thickness Diameter Diameter
{microns) (cm)* (cm) Opacity
51 1t 0.32 (.36 Porous
64 It 0.32 0.46 Porous
74 it Q0.32 0.53 Porous
76 1t 0.32 0.53 Porous
91 0.48 0.64 Opaque
122 (.48 0.86 Opaque
127 0.32 0.89 Opaque
137 0.32 0.97 Opaque
173 0.32 1.22 Opaque
178 0.48 1.24 Opaque
203 0.64 1.42 Opaque
229 0.64 1.60 Opaque
445 gl 2.5 3.12 Opaque
533 gt 1 3.73 Opaque

It = less than; gt = greater than.

2. Declamination from the aluminum foil at large spray distances occurred in a roughly circular
pattern around the spray center. The degree of partial delamination of individual particles was observed
to be greater in directions away from the spray center than toward the center. A possible explanation
for this finding is tho" as the particles approached the substrate surface, they were given a componcent
ot outward velocit; "y the air stream cscaping from the spray center (refer to Figure 1). The outward
motion would cause the droplcts to flatten into an cgg shape at impact on a flat. smooth surface. The
more pointed end of the shape would be outward and the point of initial impact ncar the wider end
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would be better bonded to the substrate.  Another explanation for this observation in terms of the radial
air stream across the surface is that if the deposited particles arc sufficiently delaminated in the
direction toward the spray center, the outward moving air stream can cxtend under the edge enough
10 cause complete delamination from the substratc, whereas the outwardly lifted edges would not be
subject to this kind of stripping action.

3. The massive central region of the coatings sprayed at 15 cm almost completely delaminated
from the substrate except at the very center, where the aluminum foil melted and the zinc penctrated
it

4. Coatings sprayed with nitrogen as the spray gas appeared slightly shinicr than those sprayed
with air, implying that perhaps the droplet surfaces oxidized less during flight. This explanation scems
rcasonable since thick, undeformable oxide skins are known to inhibit particle adhesion and the
deposition efficiency of the nitrogen-sprayed coating (N2) was higher than that of the equivalent air-
sprayed coating (AIR).

SEM Observations

Examination by SEM indicated that the coating structure was highly dependent on the spray
distance and the distance from the spray center. The SEM micrographs were interpreted as described
below.

Figure 2 is an SEM image of a typical zinc coating arc-sprayed at a distance of 15 cm. The
structures obscrved mimic to some extent the processes giving rise to the structures observed in vacuum
deposited coatings. The center region (A) is relatively smooth, indicating coating motion or flow
after deposition. The region surrounding this area (B) shows a columnar type structure that indicates
limited postdeposition motion and a tendency for shadowing effects.

Figure 3 is a highly magnified image of region A in Figure 2. In Figure 3a, the extensive
presence of shrinkage marks similar to those observed in castings indicates that the droplets cooled and
solidified well after impinging onto the surface. In Figure 3b, the crater-like features could possibly
arise from the impact of the impinging particles or the escape of trapped gas bubbles. They may also
be partly due to shadowing effects that were not completely smoothed out by droplet motion aficr
impact. Or, thcy may be a result of the impinging air stream on the molten surface after deposition
had ended.

Figure 4 is a highly magnified view of region B in Figurc 2. Large intcrcolumnar voids arc
visible. The slight tapering of the columns (perhaps more visible in Figure 2) indicates some
component of deposition flux in a direction radially outward from the spray center.  Active self-
shadowing mechanisms are present in both the radial direction from the spray center and the substrate
normal dircction. Note that the microscopic surface features in Figure 4 are smoother than thosc
observed in Figure 3b.

Figure 5 is a high-magnification view of the column in Figurc 4. There is an absence of
shrinkage marks in this region, indicating that the cooling mode for the drops impacting the columns
was different than that of drops impacting the spray center. Cooling in this rcgion was probably
similar to splat cooling coupled with sprecading of the deposited droplets by the air blast. Note the
relatively smooth surface (microscopic) compared with Figure 3a.
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Figure 2. SEM micrograph of zinc arc-sprayed at a distance of 15 cm. The structure .~ries
radially outward from the spray center.

Figurc 6 is . higher magnification view of rcgion C in Figure 2. Note that the fecatures in this
rcgion are finer than those observed in both Figures 3b and 4. The cooling modc in this region
appears to be similar to that obscrved in region B of Figure 2. The deposition flux in this area is
lower than in regions closcr to the spray center; the influence of the radial substrate air stream would
also be greater in this region as suggested in Figure 1.

Figure 7 is a more magnificd view of Figure 6 showing the small, smooth regions {or comparison
to Figurc 5. If the smooth regions arise from the spreading of droplets by the air blast after impact,
then it scems rcasonable that the smooth arcas would be smaller farther away from the spray center
since the substrate normal component of the air blast would decrease with radial distance from the
spray center.  Particles moving in a path away from the spray center would also be traveling slower
before impact since the force acting 10 accelerate them is less than that for a particle traveling to the
spray center.

Figure 8 is a highly magnified view of a region even farther from the spray center (approximately
at location D on Figurc 2). At this region, a further increcasc in surfacc roughness is obscrved.
Droplct shape is approximately like that of a red blood cell which has been deformed to conform to
the shape of the local substrate roughness. If deposited on a smooth surface, the droplets would be
roughly cgg-shaped in the substrate normal projection and thinner between the edges and middle than
at those positions as shown in Figure 9. The shape arises from the combined ¢ ects of the droplet
trajcctory being nonnormal to the substrate, the radial air strcam present at the substrate surface, and
the tendency for the highest quench rate to be at the initial point of impact. Shrinkage marks are
visible in the edge regions of some of the individual droplets, indicating that solidification in these
regions occurs rclatively slowly after impact.




as? s90w80v25i
x=6in spray éggger“‘
xsea L 25k:’°°PM“

(b)

Figure 3. Highly magnified image of arc-sprayed zinc near spray center (region A in Figure 2).

51




Figure 5. Highly magnified view of arc-spraved zinc (the column in Figure 4).
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zinc (closer view ‘igure 6).
Figure 7. Highly magnified image of arc-sprayed zinc (closer view of Fig




Figure 8. High magnification of arc-sprayed zinc (region D in Figure 2).
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Figure 9. Deposit droplet shape.
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Figure 10 1s a greatly magnified image of the bottom surface of the coating away from the spray
center showing the nonadherent interface. The coating in this region is not {ully dense as evidenced
by the roughness present. The coating here spalled oft of the substrate due to thermal stresses and
incomplete bonding.  Bonding in this region was largely by mechanical interlocking between the
droplets hemselves and the sabstrate: since the suostrate was so smooth, it did not provide adequate
interfocking locaions o withstand the thermal stresses generated when the coating cooled.

Figure 11 is a highly magnified view of the coating’s bottom surface at a location adjacent to the
spray center showing the transition from an open coating structure 10 a ncarly fully dense structure,
The aluminum foil that could not be delaminated (rom the coating is visible in the upper left-hand
portion of the picture. Region A is the porous structure similar to that observed in Figure 10, Region
B ix a4 more dense structure, indicating complete or nearly complete coaleseence between individual
droplets alter impact. Region C represents the transition between regions A and B, Region D is the
heginning of a region of fusion between the coating and substrate.  Farther toward the spray center is
a region where the substrate was melted through at points and then a region where complete melting
through of the substrate occurred, adjoining an arca where the coating material penetrated through the
molten substrate.

Figure 12 shows a cluster of deposited droplets at a large distance from the spray center for a
spraving distance of 15 c¢m.  Inere is evidence that the substrate topography has been reproduced in
the central regions of individual droplets. Shrinkage marks arc more cvident at the thick outer regions
ol the droplets than in the thinner central regions, indicating slower cooling at the outer cdges. The
vood contormation of droplets to existing substrate topography supports the idea that bonding occurs
almost entirely by mechanical interlocking.

Figure 10.  SEM micrograph showing interfacial surface of arc-sprayved zine after delamination
from aluminum foil substrate,
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Figure 11. SEM micrograph showing bottom surface of arc-sprayed zinc coating adjacent to
spray center. The boundary between good and poor bonding to aluminum foil
substrate is visible.

Figure 12. SEM micrograph of arc-sprayved zinc droplets deposited far from the spray center
showing reproduction of substrate topography.
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Figure 13 is a highly magnificd view of two droplets at a large distance from the spray center.
Again, the voating’s conformation to the cxisting substrate topography is scen.

Figure 14 shows a fracturc surface at a distance of about 1.91 cm from the spray center for a
spraying distance of about 15 cm. The coating al this location is rcasonably dense and therc is some
correlation between the features of the fracture surface and the substrate planc.

Figure 15 is a more highly magnified view of the same region shown in Figurc 14. Ductile
tearing-type fracture is evident, indicating good adhesion between individual coating particles.

Figure 16 is a high-magnification view of a fracture at a distance somewhat greater than 2.54 c¢cm
from the spray center. At this site, ductile tearing is not as cvident and there is a tendency for fatlure
due to delamination between individual particles. The cohesive strength of material in this region is
clearly inferior to that of the region shown in Figure 15. Material deposited on top of this coating by
multiple passes could not be expected to adhere very well to the substrate due to this weakly bonded
layer.

Figure 17 is a highly magnified view of a region away from the spray center for a spray distance
of 61 cm. Hail-type damage to the substrate in the arca surrounding the particle is cvident. The
average particle size observed at this spray distance is larger than that for a spray distance of 15 ¢m;
this finding is probably duc to cooling and solidification of smaller droplets before impact, preventing
them from sticking to the substrate. This condition is also suggested by the granular features present
in the center of the droplet which were not visible at a spray distance of 15 cm. Also, there are no
shrinkage marks, indicating that the zinc solidified very rapidly after impact.
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Figure 13. SEM micrograph of arc-spraved zinc droplets showing shrinkage and conformation
to substrate topography.




Figure 14. SEM micrograph of fracture surface in arc-sprayed zinc approximately 1.91 cm from
the spray center for a spray distance of 15 ¢m.
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Figure 15. Higher magnification of the arc-sprayved zinc region in Figure 14,
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Figure 16. SEM micrograph of arc-sprayed zinc approximately 2.54 cm from the spray center
for a spray distance of 15 cm.

Figure 17. SEM micrograph of arc-sprayed zinc away from the spray center at a spraving
distance of 61 cm.




Figure 18 shows a region similar to that in Figure 17 lor a spray distance of 15 ¢m. Nolte the
large number of smaller particles, indicating the droplets’ nonuniform cooling rate.

Figure 19 is a micrograph of a droplet similar to those in Figure 17 at higher magnification and
a spray distance of 61 cm. Note again the granular structure ncar the droplet center and the absence
ol shrinkage marks,

Figure 20 ix a more highly magnificd view of Figure 19. This image shows a large number of
sranular features.

Wire Feed Rate
Wire feed rate was measured for the zinc. Table 15 lists the results.
Maximum Droplet Temperature Calculation

The maximum possible droplet temperature was calculated by assuming that all the power in the
arc is used to heat the metal and that no oxidation reactions occur.  For the typical zinc spraying
parameters of 25 V, 175 amns, and 0.5516 MPa wire feed pressure (about 43.7 total cm/sce), about
11.083 keal of heat are available for cach mole of material being sprayed. It takes 2.581 kcal to heat
1 mole of zinc from room temperature to its melting point and 1.595 kcal to melt 1 mole of zinc at
603 K. Another 3.655 kcal are required to heat the mole of molien zinc to its 1180 K boiling point.
So far. this process has used 7.831 keal of the available encrgy; the rest is used 1o create vapor, which
takes 27,43 kcal/mole of vapor at 1180 K, resulting in 0.12 moles of vapor and 0.88 moles of liquid
at 1180 K.
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Figure 18. SEM micrograph of arc-sprayed zinc at a spray distance of 15 ¢cm for a region similar
to that in Figure 17. Many smaller particles are present.
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Figure 19. SEM micrograph of arc-sprayed zinc at a spraying distance of 61 cm (similar to
region in Figure 17, showing greater detail).
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Figure 20. Detail of droplet in Figure 19 at higher magnification.
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Table 15

Wire Feed Rate for Zinc*

wip (MPa) Left (m) Right (m) Hose** avecmns tavecnys
0.6206 5.31 5.33 b 17.74 35.46
0.6206 6.26 6.27 S 20.89 41.81
0.5516 5.17 5.18 b 17.24 3449
0.5516 5.82 5.84 19.43 38.86
0.4827 4.75 4.75 b 15.83 31.65
0.4827 5.40 540 $ 17.99 35.97
04137 4.18 4.19 b 13.95 27.89
0.4137 4.89 4.89 S 16.30 32.61
(0.3448 3.58 3.59 b 11.96 2393
0.3448 4.24 424 S 14.14 28.30
0.2758 2.84 2.87 b 9.53 19.05
0.2758 3.58 3.58 S 11.94 23.88
0.2069 2.06 2.07 b 6.88 13.77
0.2069 2.71 2.71 S 9.02 18.03
0.1379 1.00 1.00 b 3.34 6.71
0.1379 1.68 1.68 S 5.59 11.18
0.1034 ne? 053 h 1.76 3.51
0.1034 1.14 1.14 S 3.81 7.62
0.0690 0.05 0.05 b 0.17 0.36
0.0690 0.41 041 S 1.38 2.74

*wlp = wirc feed pressure; aveem/s = average cm/sce for cach wirg;
taveem/s = total average cm/scc of wire consumed during spraying.

**b = bent; s = straight.
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Maximum Stable Droplet Size Calculation

The maximum stable droplet size for zinc was calculated for several spray pressures by assuming
a surface tension valuc of 760 dynes/cm. At 0.1034 MPa, r was 1.47 x 10° cm. At 04137 MPa, r
was 3.67 x 107 cm, and at 0.6206 MPa, r was 245 x 10® cm. The value for surface tension was
taken from the CRC Handbook of Chemistry and Physics.

Consumption Calculations
The encrgy consumption was calculated to be about 5.06 kJ/cm® (1.41 W-hr/cm®). The material
cost $4.74/kg, or about $0.0448/cm’. The nitrogen cost $18 for a 8.5 m* cylinder. The discharge rate

was estimated to be about 0425 m'/min which can be converted to a nitrogen cost of $0.0173/cm’
of zinc sprayed.
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4 SUMMARY OF FINDINGS

Deposition Parameters

Lieposition parameters for all materials sprayed were found to be within the power level allowable
for 100 percent duty cycle of the sprayer. Materials with lower melting points were favored for higher
wire feed rates. To cover large arcas rapidly for EMP and RFI shielding, it is desirable to be able to
spray the material at as high a rate as possible without causing substrate degradation. Based on these
tests, the most suitable matcerials in terms of melting point are tin, zinc, and aluminum. However,
aluminum sprayed with air was observed to oxidize cxothemmically, buring the paper substrates.

Deposited Mass

The mass deposited on graph paper was measuiabie only for aluminum bronsze, copper, iron. tin,
and zinc. The other materials sprayed (alumirum, 13 percent chrome steel, nickel, and nickel-chreme)
all burmmed through the substrate without significant deposition. In general, the deposited mass decreased
as the spray distance increased.  (The discussion of deposited mass in the zinc scction of Chapter 3
generally applies to all the materials sprayed.)

Deposit Efficiency

The deposition cfficicncy was determined for all matenals that had a measurable deposited mass.
The maximum deposition efticiency observed was 0.66 for zinc sprayed at 15 ¢m in condition AS11.
Spraving at 15 cm resulted in charring of the subetrate by a'! maicrials and conditions tested.
Introducing rclative motion between the source and substrate could perhaps reduce or climinate this
probiem in many cases. Substrate charring was minimal for zinc spray at a distance of 30 cm or more.
At a spray distance of 46 cm, most of the conditions uscd to test zine (except AS13) gave higher
deposit efficiencies than for any other materials. Low temperature (below 5 °C) during spraying
appears to inhibit the deposition ctficiency. The low temperature probably causcs a larger number of
the droplets 10 solidify prior to impact with the substrate than is the case for higher temperaturcs. In
addition, lower substrate temperature increascs the auench rate of the droplets and thus creates a larger
thermal siress that must be accommodated o prevent droplet delamination tfrom the substrate.

Low-power spraying conditions (AS13) that reduced droplet superheating tended to produce lower
deposition efficiencics, especially at large spray distances. High-pressure spray conditions that promotc
fincr droplet sizes gencrally reduced the deposition efficiency at large spray distances duc to more rapid
ceoling of the smaller particles (cnhanced surface area-to-volume ratio) and reduced droplct superheating
at the source. Using nitrogen as a spray gas enhanced deposition efficicncy, especially at larger spray
distances where the formation of an oxide skin on the droplets would act to inhibit particle adhesion
1o the substrate. It can be expected that using nitrogen or another inert spray gas would improve the
deposition cfficiency of the other materials sprayed, as well.

In general, deposition cfficiency is increased by: (1) high wire-feed rates; (2) reduced spraying
pressurc; (3) use of an incrt spraying gas. (4) clevated environmenta. tcmperature during spraying
(substratc, spray gas, atmosphere, and wirc temperatures); (5) increased substrate surface roughness;
(6) reduced spraying distance; (7) increased spraying time, and (8) increased spraying power as related
to droplet superheating.  Note:  the conditions that promote deposition cfficiency may also cause
unwanted substrate degradation due to excessive thermal input.
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Radius of Conductivity

The ROC for all materials measured was found (o increase with increasing spray distance to some
maximum point, atter which it deercased.  For most ol the materials, the opumal spray distance 1o
maximize ROC when spraying 107 cm lengths of wire was about 46 ¢m.  For tin, this distance was
about 30 cm. Maximal conductive arcas were attained by spraying zine with conditions that enhanced
deposition efticiency at large spray distances.  When relative motion is introduced between the source
and substrate, the optimal distance will be less to account for the motion; however, the other optimal
conditions should remain similar.  Shifting the spray stream for 3 nonnormal incidence would also
increase conductive arca per unit of metal sprayed: this increase, hewever, would be at the expense of
coating adhesion.

Radius of Opacity

The radius of opacily Tor all coatings sprayed was afweys sanlier than the radias of conductivity.
This finding implies that, it the coating is thick cnough 0 be free of pinhole porosity. it will form
continuous conductive path. For the conditions tsed in this voork, the peak in size of the opaque area
was ohaenved o oceur at a spray distance of about 20 ¢m Conditions that increase npaque area (aside
frevn spry distanee) appear (0 be the same a8 ihiose the promote deposition efficiency.  Details
dircussed 'nthe zine section of Chupter 3 can be extended 1o all of the coatings tested.

Opacity Thickness

Opaciz thickness was found 10 increase with increasing spray distance for all matenials sprayed.
Thox resuit can be explained moienns of the adhering particle size as discussed Jor zing in Chapter 3.

Bend Testing

Bena iesting indicated that thicker coatings are less olerant to bending than thin coatings.

SEAM Observations

Ail coaungs observed showed a variation in structure from the spray center to the edge of the
coaling such that material ncar the center appeared to be denser and have a higher cohesive strength
than that near the c¢dges.  This variation in structure could causce adhesive and cohesive failure of the
coaiing--cven if the coating is further built up by spray passcs--since the weakest layer is at the bottom
and is expected to hold the other layers to the substrate.  Spraying at larger distances appearcd to
nromote the formation of a low cohesive-strength coating away from the spray center.

There was a tendeney for the adhiering droplet size to incrcase with increasing spray distance.
I'his tinding was apparently duc to cooling of smaller droplets prior to impact at larger spray distances.
Higher melting point materials melted the aluminum foil at many locations away from the spray center:
i contrast, zinc coatings produccd localized melting of the f{oil only very ncar the spray center,

A "halo” like structure which appeared to be localized oxidation of the substrate in the region
surrounding droplet impact was observed.  Since adhesion is known to be inhibited by the presence
ol surface oxides, this observation implics that adhesion could be improved if the deposition rate were
mcreased such that other droplets are deposited in the same region before the oxide grows 1o a
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thickness at which it cannot be disrupted by an impacting droplet. This observation also implics
thatoxidation of material alrcady deposited is further enhanced by the deposition of another particle.

Wire Feed Rate Measurements

All materials showed an increase in wire feed rate with wire feed pressure. Also, for all materials,
the wire feed rate was sensitive to bending of the wire feed tubes (radius of curvature); the percentage
change due to bending was enhanced at lower wire fced pressures. At high wire feed pressures, there
was some tendency for the pressure to drift due to fluctuations in the building air supply pressure.
Optimally, all materials should be spraycd at as high a rate as possible with appropriate relative motion
between the sprayer and the substraic to minimize the time required to coat a surface. In the case of
copper, these conditions were not possible due to the high thermal conductivity and melting point of
the material which required more power than the sprayer unit could supply. All materials sprayed
except tin gave very few problems with wire feeding. In most cascs, a wire's failure to feed properly
occurred when the contact tips became womn and an arc between the tip and the wire caused the wire
to fuse with the tip, allowing wire to pile up behind that point. 1In the case of the tin wire, tensile
failurc occurred due to friction with the wire feed tubes when they were in a bent position.

Maximum Droplet Temperature Calculation

The maximum possible temperaturc using only the power of the arc was above the meliing point
or all matcrials sprayed except that of the low-carbon stecl, which must have undergone exothermic
oxidation to provide the balance of the hcat required for spraying. Curiously, the temperature
calculated for zinc (1180 K) was above that of tin (859 K), which implics that spraying tin, with its
lower melting point (505 K), should be less destructive to organic substrates than spraying zinc with
its higher melting point (693 K). Observations of coatings sprayed onto graph paper substrate indicated
that this was not the casc. In actuality, spraying zinc coatings onto the graph paper resulted in less
charring of the paper than spraying tin. A possible explanation for this result is in the vapor pressure
data (Table 16), where it can be scen that the vapor pressure of zinc is several orders of magnitude
higher than any of the other matcrials sprayed at any given temperature. The data imply that
evaporative cooling of the zinc occurs to a greater extent than for any of the other materials sprayed.

Possible advantages of zinc’s high vapor pressure include:

1. A lower droplet temperature will reduce both buming of organic substrates and thermal shock
to inorganic substrates, which will improve the mechanical interlocking component of adhesion since
the residual stress due to thermal expansion mismatch will be reduced.

2. The vapor may act as a protective shroud around the molten droplet. This shroud may inhibit
oxide film formation (which is known to inhibit adhesion) on the droplet surface by the surrounding
atmosphecre. This possibility is supported by the observation that the deposition efficiency of zinc is
higher than that of all the other materials sprayed.

3. Oxidation of the emitted vapor may locally deplete the surrounding gas of oxygen, in addition
lo acting as a physical barrier to bombardment of the droplet surface by oxygen in the air. Complcte
occlusion of atmospheric oxygen was not achieved since a further increase in deposition efficiency was
obscrved for cxclusion of atmospheric oxygen by spraying with nitrogen.

4. Zinc oxide is known to be a good absorber of UV radiation. The oxidized vapor formed may
act 1o absorb a portion of the UV light emitted from the arc, thus reducing the hazard to the opcrator.
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Table 16

Temperature (K) at Different Yapor Pressures

Vapor Pressure (mm Hg)

Element  Ix10°  Ix10°  Ix10° 1 10 100 400 760 1520 7600
Aluminum 950 [94 1283 18I 1053 2353 2593 2740 2883 3323
Copper - - - 2143 2463 2713 2873 3033 3733
Iron 1131 1271 1453 2053 2313 2643 2893 3023 3173 3033
Nickel 1200 1245 1535 2073 2363 2643 2803 3003 3153 3573
Tin 953 10RO 1270 1sar 2163 2543 2853 3023 3223 3813
Jue 100 459 323 S65 1003 T1I3 1180 1243 1453

A possibic disadvantage of the high vaper pressure is that the more rapid evaporative cooling may
causc particles to solidify at a rapid cnough rate to inhibit particic adhesion at larger spray distances.
The deposition efficiency data indicate that inhibition cf deposition efficiency by oxide film formation
is probably more sienificant than that for cooling at large spray distances since (1) the deposition
cfficiency for zinc was higher than for all other materials and (2) using nitrogen as a sprav gas
improved this efficiency further.

Maximum Stable Droplet Size Calculation

The radit of the calculated maximum droplet size based on surlace tension were all within about
an order of magnitude of cach other for all materials at any given pressure.

Consumption Calculations

Table 17 lists results of the consumption calculations. From the table, it is clear that the material
cost varied greatly among the wires and that the energy consumed was a very small part of the cost
cassuming $0.10/kAWh or $0.0001/W-hr). The data indicate that, for spraying at 46 cm (where the size
of the conductive arca formed is maximal), zinc is the lowest cost material to spray, cven when using
nitrogen as a spraying gas. Usc of nitrogen when spraying zinc at 46 cm raised the cost S percent and
gave a 32 percent increasc in deposition efficiency.

67




Table 17

Material Consumption and Cost

Deposition
Energy Material Efficiency Sprayed Metal

Wire (W-hr/cm®) ($/em?) (DEatx=46 cm) ($/cm?)
Al 1.97 0.0146 0.00
Al bronze 8.64 0.0910 0.08 1.1375
Cu 6.91 0.0561 0.11 0.5100
LC steel 223 0.0313 0.00
Cr stecl 233 0.0615 0.00
Ni 311 0.2149 0.00 ---
NiCr 3.19 0.1705 0.00
Sn 0.41 0.2368 0.1 1.2463
Zn(air) 1.41 0.0448 (.25 0.1792
N2(Zn) -- 0.0173

N2+Zn 1.41 0.0621 0.33 0.1882
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5 CONCLUSIONS AND RECOMMENDATIONS

This study has evaluated the physical and clectrical propertics ol nine metals that were arc-sprayed
onte ditferent substrates o determine the optimal conditions for spraying to effect EMP shielding and
mititary structures  The results have shown that:

. The distribution of deposited coatng struciures varies radially outward from the spray center;
this outcome has significant effects on the mechanical und electrical properties of the coating.

20 The deposition cticieney i g strone fonction of the spraving distance and @ weaker function
of the other sprayer paramcters, Ioorcasing the wire feed rate and voliage tends 1o increase cfficiency
at all spray distances and reduecing he speay pressure promotes ctficieney ad larger sprayv distances,

3 There isoan optind snraving distence 0 mananice te area ol ihe condudtive and opague
regiois formad. This distance increases witt increasing sprasdnve and is maxamuem for conditions with
the Toghest deposition efficienay.

400N 2ot the aaaterial w the deposi Boe gocd cohesive and adhesive strengths there 08w
pleny o materal deposited awey trom iy sproy center (o be inderior to thae deposited near the
~on eentes AMatenial depesited o wp of dRese cewings probably wouid not have zood adhesive
~troneih
S0 The deanbuton i particle and pore sizes in tho coatings varies with spray  distance wid
distance from the spray center. tns finding suggests that one viseosily grade of epoxy for adbesion
westing will not be adequate since there witl be nesgniform penctration of the coatings,

6. The depositon efficiency 1s a4 tunction of sprasing time, which also indicates that the
iepoviton officiency 1+ a <rong function of substrate surface roughness.

7. Use of mittogen as a spraving gas increased the deposition eificiency and the size of the
cenductive areas formed.

S remperature of the surroundings duning spraving has a significant effect on the coating
Sepeesrinony such it Better perfermance s achicved when spraying on warnm days than on cold davs,

9 Zinc was lound io give the pest overall performance and cost-effectiveness.

Ity recommended that these Nindings be used 1o direct further rescarch into optimal spraying
condtons, This rescarch would be limed 1o zane, which appears 1o have a high potential for succeess
At BENEP shiciding. Specitically:

L Wark should be conducted o determine the effects of motion parameters (traverse speed, spray
distance, mierpass distancey on the properties of zine coatings,

20 A mechanism o centrol relative motion between the spray gun and the substrate should be
comstiucted or purchased. Keeping i mind the difficulties experienced with fluctuations in wire feed

raw due o lewure of the wire teed tubes, iU s recommended that the device move the substrate
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relative to the spray gun. In using a robot to spray a room, flexurc of the wire feed tubes will be
unavoidable so that another control must be developed to accommodate this condition.

3. It is suggested that a detailed study be conducted to determine the influence of the more
looscly bonded material away from the spray center on the adherence of material deposited by the next
SUCCCSSIVE LTaverse.,

4. Further work should be done 0 cvaluate the effects of using an inert spraving gas in
conjunction with controlled relative motion beiween the sprayer and substrate.
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APPENDIX:

VARIOUS DEPOSITION PARAMETERS IDENTIFIED FOR THE STUDY

The following parameters were evaluated for potential impact on the materials under study:

Arc voltage

Arc current

Wire feed rate

Wire feed pressure

Spray pressure

Spray nozzle geometry

Spray gas composition

Ambicnt gas composition

Ambicnt gas temperature

Spray gas temperature

Fume emissions

Ultraviolet (UV) light emissions

Charectenisiic light @ issions from are (waveienath il depend on arc compositien;
intensities will be proportional to relative amounts of the various ionized gases)

Shroud geometry (use of side jets to produce more directed spray)

Substrate matenal {c.¢.. melting point, decomposition temperature,
thermal expansion cocfficicnis, vapor pressure, clastic constants)

Substrate geometry (c.g., thickness, thermal conductivity, surface preparation)

Coating muicrial (c.g.. melting point, thermal expansion cocefficients, vapor pressure, boiling

point, oxidation kinctics, clastic constants viscosity as melt, surface tension as mielt)

Machine peculiarnitics (e.g., maximum power, inductance)

Nuggel cooling rate

Extent of coating oxidation

Wire geomctry (cross scction--circular, rectangular)

Spray distance

Interpass distance

Interpass time

Distance from -pray center

Spraying time

iiastic constants of wire as rclated to friction in feed tubes

Friction in feed tubes vdried as a result of bending during spraying

Material constants of oxide fornmed during spraying (e.g., mcling point, hardness, clastic
properties, softening point, fracture strength, toughness, adherence)

Angle of incidence of particles with respect 1o substrate surface

Flow ralc of spraving gas

Dewpaoint of ambicnt atmosphcre

Subsirile temperature

Spraying gas temperature

Power supply (AC, DC, peaks and valleys: Is the arc extinguished between cycles?)

Substrate heat capacity

Substrate/coating interfacial reactions

Coating porosity

Coating thickness

Deposition rate

Deposition ctficiency

Coating clectrical and magnetic propertics
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Coating microstructure

Coating adherence

Coating cohcrence

Coating corrosion propertics

Coating mechanical propertics (e.g., ductility. fracture strength, clongation at failure)

Deposit thickness distribution (varies with sprayer gecometry, nozzle shape, spray pressure, spray
time, material spraycd, spray distance, and other factors)

Relative nobility ol coating and substrate (will galvanic corrosion occur?)

Coating reflectance

Dceposit coolirg rate

Maximum temperature during deposition

Degree of superheating of droplets before leaving the arc

Temperature of droplets on impact with substrate

Size distribution of particles on impact with substrate

Edge cffects when spraving in comeis

Dclamination properties (will a localized delamination promote turther defamination due o stress
ctfects or will it terminate locally?s

UV refiectance of the coating (as an operator hazard dunng spraying)

UV oretlectanee and absorpuion of the fume cloud during spraying

Wear and huildup in the wire feed tips vhich modify e effective resistance to wire feed

Metat aust burldup betveen the wire feed tubes which icads to the formation of a cond (tive
paih (shory between the electredes

Arc shape

Imipuritics in the are gas

Peak arc temperature

Contuct tube-to-are distance and the effects of "spool drag” as wire is consumed.
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